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Preface

The efficiency of delivering DNA into mammalian cells has increased tre-
mendously since DEAE dextran was first shown to be capable of enhancing
transfer of RNA into mammalian cells in culture. Not only have other chemical
methods been developed and refined, but also very efficient physical and viral
delivery methods have been established. The technique of introducing DNA
into cells has developed from transfecting tissue culture cells to delivering
DNA to specific cell types and organs in vivo. Moreover, two important areas
of biology—assessment of gene function and gene therapy—require success-
ful DNA delivery to cells, driving the practical need to increase the efficiency
and efficacy of gene transfer both in vitro and in vivo.

These two volumes of the Methods in Molecular Biology™ series, Gene Deliv-
ery to Mammalian Cells, are designed as a compendium of those techniques that
have proven most useful in the expanding field of gene transfer in mammalian
cells. It is intended that these volumes will provide a thorough background on
chemical, physical, and viral methods of gene delivery, a synopsis of the myriad
techniques currently available to introduce genes into mammalian cells, as well
as a practical guide on how to accomplish this. It is my expectation that it will
be useful to the novice in the field as well as to the scientist with expertise in
gene delivery.

Volume 1: Nonviral Gene Transfer Techniques discusses delivery of DNA
into cells by nonviral means, specifically chemical and physical methods. Vol-
ume 2: Viral Gene Transfer Techniques details procedures for delivering genes
into cells using viral vectors. Each volume is divided into sections; each sec-
tion begins with a chapter that provides an overview of the basis behind the
delivery system(s) described in that section. The succeeding chapters provide
detailed protocols for using these techniques to deliver genes to cells in vitro
and in vivo. Many of these techniques have only been in practice for a few
years and are still being refined and updated. Some are being used not only in
basic science, but also in gene therapy applications.

I wish to express my thanks to all of the authors who made Gene Delivery to
Mammalian Cells: Volume 1: Nonviral Gene Transfer Techniques and Volume
2: Viral Gene Transfer Techniques possible. I would especially like to thank
those who contributed the overview chapter to each section. They provided
invaluable discussions, suggestions, and assistance on organizing those sec-



vi Preface

tions. I would particularly like to mention Joanne Douglas, Tom Daly, and Bill
Goins for their suggestions on topics and authors, Dexi Liu and Shan Lu for
their helpful discussions, and Mark Jaroszeski for his suggestions on organiz-
ing the entire editing process.

William C. Heiser
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Adenovirus-Mediated Gene Delivery

An Overview

Joanne T. Douglas

1. Introduction

Adenoviruses, which were first isolated in the 1950s, have been developed as
gene-delivery vehicles, or vectors, since the early 1980s (1). The adenoviruses
constitute the Adenoviridae family, which is divided into two genera: the Avi-
adenovirus genus infects only birds, whereas the Mastadenovirus genus con-
tains viruses that infect a range of mammalian species. Human adenoviruses are
classified into six subgroups based on the percentage of guanine and cytosine
in the DNA molecules and the ability to agglutinate red blood cells. They are
further subdivided into more than 50 serotypes, primarily on the basis of neu-
tralization assays (reviewed in ref. 2).

The majority of recombinant adenoviral vectors are based on human aden-
ovirus serotypes 2 (Ad2) and 5 (AdS) of subgroup C. These serotypes cause a
mild respiratory disease in humans and are nononcogenic. These safety features,
coupled with the fact that adenovirus-based vaccines have been administered to
humans without ill effects, have favored the development of adenoviral vectors
for in vivo gene-therapy applications (3). The safety of recombinant adenoviral
vectors is also enhanced by deletion of the E1 region of the genome, which ren-
ders the vectors replication-deficient and capable of propagation only in spe-
cially designed complementing cell lines. Other advantages of recombinant ade-
noviral vectors derived from serotypes 2 and 5 include the ability of the vectors
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to be purified to high titers (up to 1013 virus particles per mL), which means that
it is practical to employ them in vivo. Adenoviral vectors also possess the im-
portant attribute of stability in the bloodstream, which means that they can po-
tentially be employed for gene delivery following intravenous administration.
Adenoviruses can infect both dividing and postmitotic cells, and have evolved
an extremely efficient mechanism for delivery of their genome to the nucleus.
The genome remains extrachromosomal, which minimizes the risk of inser-
tional mutagenesis. So-called “first-generation” E1-deleted Ad2 and Ad5 vec-
tors can accommodate up to 7.5 kb of foreign DNA, and the capacity of the vec-
tors can be expanded by additional deletions of the viral genes. These
characteristics of Ad2 and AdS5 vectors have spawned considerable interest in
their exploitation as gene delivery vehicles, which, in turn, has led to the de-
velopment of a range of techniques by which their genomes can be manipulated
and recombinant vectors generated with relative ease.

However, recombinant Ad2- and Ad5-based vectors also suffer from a num-
ber of disadvantages. These vectors possess the tropism of the parent viruses,
which can infect all cells that possess the appropriate surface receptors, which
precludes the targeting of specific cell types. Conversely, some cell types that
represent important targets for gene transfer express only low levels of the cel-
lular receptors, which leads to inefficient infection. Another major disadvantage
of Ad2- and AdS-based vectors in vivo is the elicitation of an innate and an ac-
quired immune response. Considerable attention has therefore been focused on
strategies to overcome these limitations, thereby permitting the full potential of
adenoviral vectors to be realized.

This overview chapter will review the biology of adenoviruses and adenovi-
ral vectors, discuss the applications of adenovirus-mediated gene delivery and
describe the strategies that are being developed to address the limitations of
adenoviral vectors. For more detailed coverage of these topics, the reader is re-
ferred to ref. 4.

2. Structure of Adenoviruses
2.1. Capsid Structure

Adenoviruses possess a nonenveloped icosahedral protein shell or capsid of
70-100 nm in diameter surrounding an inner DNA-containing core (ref. 2 and
references therein). The 20 facets of the capsid are comprised of 12 copies of
the trimeric hexon protein, which is the most abundant component of the virion
and performs a structural role. Each vertex of the capsid is composed of a pen-
tameric penton base protein in association with a trimeric fiber protein that proj-
ects from the viral surface and ends with a globular knob domain. The fiber and
penton base both play important roles in the initial steps of the virus-cell inter-
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Fig. 1. Schematic diagram of Ad5 virion. The double-stranded DNA genome is pack-
aged within an icosahedral protein capsid. The major structural protein of the capsid is
the hexon. Penton capsomers, formed by association of the penton base and fiber, are
localized at each of the 12 vertices of the Ad capsid.

action during infection. A number of minor polypeptides are involved in stabi-
lization of the capsid, whereas two additional polypeptides bridge between the
capsid and core components of the virion. The capsid structure is depicted
schematically in Fig. 1.

2.2. Genome Organization

The core of the adenoviral particle contains the viral genome, a linear, double-
stranded DNA molecule approx 36 kb in length (ref. 2 and references therein).
The genome is highly condensed and associated with two basic proteins that or-
ganize the DNA into a nucleosome-like structure. The Cis-acting origins of repli-
cation of the viral DNA are located in the first 50 base pairs (bp) of the 100- to
140-bp inverted terminal repeat sequences (ITRs) located at each end of the
genome. The ITRs play an important role in replication of the DNA. A terminal
protein is covalently attached to each of the 5’ termini of the DNA and serves as
a primer for DNA replication. The left end of the genome also includes a cis-act-
ing packaging signal that directs the interaction of the viral DNA with its encap-
sidating proteins.

The adenoviral genome is shown schematically in Fig. 2. By convention, it is
drawn with the immediate early transcription unit (E1A) at the left end, adjacent
to the packaging signal. In addition, there are four early transcription units (E1B,
E2, E3, and E4); two delayed early units (IX and IVa2); and one late unit (major
late), which is processed to give five families of late mRNAs (L1 to LS), all of
which are transcribed by RNA polymerase II. Transcription of each of the aden-
ovirus genes leads to multiple mRNAs.
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Fig. 2. Schematic diagram of the structure of the Ad5 genome. The AdS5 genome is
approx 36 kb long, divided into 100 map units. The direction of transcription is indi-
cated by arrows. Closed arrows represent early transcripts; open arrows represent late
transcripts.

3. The Biology of Adenoviral Infection

The rational design of adenoviral vectors is based on an understanding of the
infectious cycle of the parental viruses (ref. 2 and references therein). The repli-
cation cycle is conventionally divided into two phases separated by the onset of
viral DNA replication. The early phase starts as soon as the virus interacts with
the host cell: entry into the cell and transport of the viral genome to the nucleus,
followed by the transcription and translation of early viral genes. These events
modulate the functions of the host cell to facilitate the replication of the virus
DNA and the transcription and translation of the late genes. In permissive cells,
the early phase takes 5—6 h, after which time viral DNA replication is first de-
tected. The late phase begins concomitantly with the onset of DNA replication,
and involves the expression of the late viral genes, leading to the assembly in the
nucleus of the structural proteins and the maturation of infectious viruses. The
host cells lyse to release progeny virions about 20-24 h postinfection.

The entry of adenoviruses into susceptible cells requires two distinct, se-
quential steps—binding and internalization—each mediated by the interaction
of a specific capsid protein with a cellular receptor (Fig. 3). The initial high-
affinity binding of Ad2 and Ad5 to the primary cellular receptor (5,6), desig-
nated CAR (for coxsackievirus and adenovirus receptor), occurs via the globu-
lar knob domain of the fiber capsid protein (7,8). CAR appears to function
purely as a docking site for the virus on the cell surface: the cytoplasmic and
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Fig. 3. The pathway of adenoviral infection. The entry of Ad into susceptible cells
involves two distinct, sequential steps. The initial high-affinity binding of Ad5 to the
primary cellular receptor, CAR, occurs via the globular knob domain of the trimeric
fiber capsid protein. Subsequent internalization of the virus by receptor-mediated en-
docytosis is potentiated by the interaction of Arg-Gly-Asp (RGD) peptide sequences in
the penton base protein with secondary host-cell receptors, integrins a3 and aVBS.
The virion then escapes from the endosome and localizes to the nuclear pore, where-
upon its genome is translocated to the nucleus.

transmembrane domains of the molecule are not essential for adenoviral infec-
tion (9,10). Subsequent internalization of the virus by receptor-mediated endo-
cytosis is potentiated by the interaction of Arg-Gly-Asp (RGD) peptide se-
quences in the penton base protein (11) with secondary host-cell receptors,
integrins owyPB3 and oy s (12). The virion then escapes from the endosome, the
capsid is disrupted, and the virus is transported to the nuclear membrane. The
genome then passages through the nuclear pore into the nucleus, where the pri-
mary transcription events are initiated.

Expression of the adenoviral genes is temporally regulated (2). E1A is the
first transcription unit to be expressed after the adenoviral chromosome enters
the nucleus of an infected cell; its expression requires only cellular proteins. The
E1A proteins activate transcription from the other adenoviral early regions and
induce the host cell to enter the S phase of the cell cycle. The E1B gene encodes



8 Douglas

two proteins (E1B 19K and E1B 55K) that inhibit apoptosis and further modu-
late cellular metabolism to render the cell more susceptible to viral replication.
The E2 transcription unit encodes three proteins involved in viral DNA replica-
tion: DNA polymerase (Pol), preterminal protein (pTP), and DNA binding pro-
tein (DBP). The E3 region encodes multiple proteins designed to inhibit path-
ways of cell death induced by the host innate and cellular immune response to
the infected cell. The E3 proteins are dispensable for the replication of adeno-
viruses in tissue culture. The E4 gene products perform a range of functions,
with distinct proteins playing roles in viral DNA replication, viral mRNA trans-
port and splicing, shut-off of host protein synthesis, and regulation of apoptosis.

The expression of the early adenoviral genes sets the stage for replication of
the viral DNA. Replication of the adenoviral DNA starts at the origins of repli-
cation in the ITRs at either end of the chromosome, with the terminal protein
serving as a primer. The expression of the late adenoviral genes commences
with the onset of DNA replication. The late gene products are expressed after
processing a 20 kb transcript from the major late promoter, which is attenuated
during transcription of the early genes. This primary transcript undergoes mul-
tiple splicing events to generate five families of late mRNAs encoding proteins
that are part of the viral capsid or are involved in the encapsidation and assem-
bly of viral particles in the host-cell nucleus. Encapsidation of the viral DNA is
directed by the packaging signal at the left end of the chromosome. This process
is accompanied by alterations in the nuclear infrastructure and the permeabi-
lization of the nuclear membrane, facilitating the egress of the progeny viruses
into the cytoplasm. The plasma membrane subsequently disintegrates and the
progeny are released from the cell.

4. Adenoviral Vectors
4.1. Design and Construction of Adenoviral Vectors

The most widely used adenoviral vectors for gene delivery are the so-called
“first-generation” replication-deficient vectors, in which the E1 region of the
genome is deleted (1,3). Deletion of the El region, while retaining the ITR and
packaging signal, is designed to prevent expression of the E2 genes and thus
block viral DNA replication and the synthesis of late structural proteins. E1-
deleted Ad vectors are therefore propagated in complementing human cell lines
that provide the El proteins in trans. In order to provide additional cloning
space in the vector, the E3 region, which is not necessary for viral replication
in culture, is also commonly deleted. Because adenoviruses can encapsidate
DNA ranging from 75 to 105% of the length of the wild-type viral genome,
these modifications allow up to 7.5 kb of foreign DNA to be accommodated.

A number of different approaches have been used to construct Ad vectors with
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the E1 region substituted with the transgene of interest (reviewed in ref. 13). The
classical method employs homologous recombination in an E1-complementing
human cell line between two DNA molecules, one carrying sequences mapping
to the left end of the Ad genome and the gene of interest, and one carrying the Ad
genome with the left end deleted but retaining some sequences that partially
overlap the 3’ end of the first molecule. This second molecule can be either a lin-
earized partial viral genome purified from virions (14) or a plasmid (15,16). This
technique suffers from the inefficiency of homologous recombination in mam-
malian cells, and the need for purification of individual viral plaques, which
means it is both labor-intensive and time-consuming. Another big disadvantage
is that if no recombinants are generated, the researcher is unable to determine
whether the problem is technical or biological.

The past few years have seen the development of new methods to facilitate
the generation of El-substituted Ad vectors by constructing the recombinant
vector genome prior to transfection of the E1-complementing mammalian cells,
thereby avoiding multiple rounds of plaque purification. One approach that has
found widespread use exploits the highly efficient homologous recombination
machinery in bacteria to generate a recombinant Ad vector by homologous re-
combination in Escherichia coli between a large plasmid containing most of the
Ad genome and a small shuttle plasmid containing the expression cassette
flanked by sequences homologous to the region to be targeted in the viral
genome (17-19). The recombinant Ad genome is then linearized by restriction
digestion and used to transfect E1-complementing mammalian cells to produce
viral particles and propagate the vector.

4.2. Production and Purification of Adenoviral Vectors

The original E1-complementing cell line, designated 293, was generated by
transformation of human embryonic kidney cells with sheared Ad5 DNA (20).
The cells constitutively express the left 11% of the Ad5 genome and can be used
to produce E1-deleted vectors at high titers of up to 1013 particles per mL. How-
ever, a disadvantage of the 293 cell line is that it allows the emergence of repli-
cation-competent adenovirus (RCA) as a result of homologous recombination
between the host-cell genome and the vector (21). This has led to strategies to
avoid RCA by creating rationally designed E1-complementing helper cell lines
with minimal or no homologous sequences between the transfected E1 DNA
and El-deleted vector (22,23).

The classical method for purification of Ad vectors is cesium chloride den-
sity-gradient ultracentrifugation. This is an efficient technique that can yield
highly purified viral particles, although it is time-consuming, rather expensive,
and is not amenable to large-scale purification of Ad vectors. More recently, Ad
vectors have been purified by column chromatography using resins originally
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developed for protein purification (24). Anion-exchange chromatography is
commonly used in an initial purification step, followed by immobilized metal-
affinity chromatography or reversed-phase high-performance liquid chroma-
tography (RP-HPLC) as the second step. Column chromatography offers the
ability to rapidly purify large amounts of virus to a highly pure state without
compromising the viability of the viral particles.

After purification, the concentration of the Ad vector is determined by phys-
ical and/or biological methods (25). The most common physical method for cal-
culating the number of viral particles is to disrupt the particles with sodium do-
decyl sulfate (SDS) and determine the optical absorbance of the virion DNA at
260 nm, using the conversion factor 1.1 X 10!2 particles per absorbance unit
(26). Biological methods involve the infection of cells in culture followed by
the determination of infectious Ad vector particles, either by counting visible
plaques in a monolayer of cells that support replication of the vector, or by his-
tochemical or immunohistochemical staining of cells to detect expression of a
viral structural protein or a reporter gene delivered by the vector. The biologi-
cal titer of the vector is then expressed in terms of plaque-forming units (PFU),
infectious units (IU), or transducing units (TU).

5. Applications of Adenoviral Vectors

First generation, El-deleted Ad vectors can mediate high, albeit transient,
levels of expression of the transgene in mammalian cells, resulting in yields of
the recombinant protein of up to 30% of total cellular protein. The expressed
proteins are subject to the full range of complex posttranslational modifications
that might be necessary for their appropriate folding and function. Recombinant
viral and mammalian proteins are therefore identical to the native proteins,
thereby avoiding the disadvantages associated with expression of these proteins
in prokaryotes, lower eukaryotes, and insect cells.

Based on these favorable characteristics, E1-deleted Ad vectors have been
employed for expression of recombinant proteins in cultured mammalian cells in
vitro (1). Because Ad vectors can infect a range of dividing and nondividing
mammalian cells, they have also been widely used in gene-transfer experiments
and gene-therapy applications in vitro and in vivo, both in preclinical studies in
animal models and in clinical trials in human patients (3,4). However, a number
of limitations of first-generation Ad vectors have been identified in the course of
these studies.

6. Limitations of Adenoviral Vectors and Strategies to Improve
the Vectors

The use of first-generation Ad vectors in vivo is associated with the induc-
tion of both an innate and an acquired immune response (reviewed in refs.
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27,28). Studies in mice and primates have indicated that within the first few
hours of administration of Ad vectors by the intravenous route, the viral capsid
proteins trigger an acute inflammatory response characterized by the rapid re-
lease of inflammatory cytokines, including interleukin-6 (IL-6) and IL-8, and
the recruitment of immune effector cells, such as neutrophils, into the liver. This
acute-phase toxicity does not require expression of viral genes but is dependent
on the dose of vector: minimal toxicity has been shown to result from adminis-
tration of low doses of El-deleted vectors to mice.

Over the next 24-96 h, toxicity associated with first-generation Ad vectors re-
sults from an acquired cellular immune response. Although E1-deleted Ad vec-
tors are in theory replication-defective, in practice many cells possess El-like
proteins that can activate the E2 genes, leading to viral DNA replication and the
expression of the late structural proteins. It has also become clear that the E1-de-
pendence of E2, E3, and E4 gene transcription can be circumvented at high mul-
tiplicities of infection. Newly synthesized Ad peptides displayed on the surface of
infected cells are recognized and destroyed by cytotoxic T lymphocyte and natu-
ral killer (NK) cell-mediated responses. In many cases the expressed transgene
product has also been shown to be immunogenic. As a consequence of the elimi-
nation of infected cells by the cellular immune response, transgene expression
mediated by first-generation Ad vectors in vivo is only transient, lasting 2-3 wk.

In addition to cellular immunity, a humoral immune response is generated to
the Ad vector. This leads to a reduction in Ad-mediated gene delivery upon re-
peat vector administration. Moreover, even the initial vector dose may be inef-
ficient in human patients who possess neutralizing antibodies to the commonly
used Ad2 or Ad5 vectors, as a result of prior exposure to the parental viruses.

In those instances where the goal of gene delivery by a first-generation Ad
vector is the elimination of the infected cell, for example in cancer gene therapy,
the induction of a cytodestructive immune response is beneficial. However, in
many cases the eradication of the infected cell would be a serious problem. In an
attempt to reduce immunogenicity, subsequent generations of Ad vectors have
been designed to be defective for multiple viral genes, in addition to E1. The re-
moval of genes encoding proteins essential for DNA replication (the DNA bind-
ing protein, DNA polymerase, and terminal protein), or key regulatory functions
(the E4 proteins) has led to vectors that in some studies have been reported to
be less immunogenic than first-generation E1-deleted vectors and to mediate
longer-term gene expression. However, in other studies these vectors have shown
minimal or no advantage over first-generation vectors. The production of these
multiply deleted vectors has necessitated the construction of novel complement-
ing cell lines that provide the missing function in trans.

The strategy of deleting regions of the viral genome has met its ultimate re-
alization with the so-called “gutted vectors,” which retain only the ITRs and
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packaging signals. The gutted vectors can accommodate up to 36 kb of foreign
DNA, and can therefore carry large cDNAs together with appropriate regulatory
elements. Production of these vectors requires the use of helper viruses, from
which the gutted vectors must be separated and purified, a process that has been
simplified by the development of packaging-defective helper viruses. Compared
to first-generation vectors, gutted vectors have shown reduced immunogenicity
and more persistent gene expression in vivo. Nonetheless, gutted Ad vectors do
not integrate into the host-cell genome, which means that the transgene would
not be transmitted to the progeny of dividing cells.

Because the acute inflammatory response is directly related to the vector dose,
toxicity could be reduced by lowering the number of viral particles necessary for
a given level of gene transfer. In this regard, a paucity of the primary Ad receptor
on various cell types, including primary cancer cells, airway epithelium, and ma-
ture skeletal muscle, has been shown to be associated with a poor efficiency of
gene delivery. Thus, a number of strategies have been employed to retarget the
Ad vector to a more abundant receptor, resulting in more efficient gene delivery
and hence permitting the use of a lower dose of vector. To date, these targeting
approaches have either employed bispecific molecules directed against both a
viral capsid protein, most commonly the knob domain of the fiber protein, and an
alternative cellular receptor, or have involved the direct modification of a capsid
protein to allow the recognition of an alternative receptor (reviewed in ref. 29).
In addition to facilitating more efficient gene transfer, such targeted Ad vectors
can confer the benefit of specificity, by enabling selective gene delivery to the
target cells. This is particularly important when the therapeutic gene encodes a
product that might be beneficial when expressed in the desired target cell but
prove toxic to normal cells. Ad vectors with modified fibers have also been
shown to afford the ability to mediate efficient gene delivery in the presence of
neutralizing antibodies directed against the unmodified fiber proteins.

7. Summary

Ad vectors possess a number of features that have favored their widespread
employment both in vitro and in vivo. In fact, the use of Ad vectors is increas-
ing as technologies to facilitate their construction are being developed and re-
fined. First generation, E1-deleted Ad vectors have been shown to be associated
with limitations that are being addressed by rational strategies based on the bi-
ology of the virus. These advances should allow the realization of the full po-
tential of Ad vectors for gene delivery.
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Generation of Adenoviral Libraries for High-Throughput
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1. Introduction

In functional genomics, the use of expression libraries of DNA variants in
combination with potent screening techniques is a powerful tool for gene discov-
ery. They allow study of gene and protein function, generation of peptide variants
with novel properties, as well as identification of functional short DNA and RNA
motifs. In proteomics, generation of large expression libraries of protein variants
with random substitutions (“directed evolution™) and further screening for novel
or improved functions has been commonly used for isolation of proteins with
novel characteristics, for improving enzymes, for rapid isolation of antibodies,
and for functional protein studies (reviewed in refs. 1-3). Most commonly, pep-
tide libraries are expressed and screened in prokaryotic systems. Such systems
have the advantage of rapid and simple generation of clones expressing single
variants, allow high diversity (up to 10!!), and can be combined with phage- or
cell-surface display technique (2). The main disadvantage of bacterial systems is
the absence of posttranslational modifications and native folding of many mam-
malian proteins, leading to limited applications, particularly when enzyme—sub-
strate-, protein—protein, or protein—RNA interactions are to be studied.

Currently, libraries for screening in mammalian cells have been generated
using plasmids, retroviral vectors, or Epstein-Barr virus (EBV)-based vectors
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(4,5). Scoring for new functions or phenotypes upon transfection or transduc-
tion led to the identification of genetic suppressor elements, genes involved in
growth inhibition and apoptosis, and novel oncogenes. However, more ubiqui-
tous use of plasmid- or retrovirus-based libraries is limited mainly by the range
of cells that can be used for efficient transfection or transduction.

Over the past two decades, several generations of replication-deficient, re-
combinant adenoviruses (AdVs) have been generated and commonly used in
gene therapy and functional studies (reviewed in Chapter 1, Part I of this volume;
6). Thus far, adenoviral vectors have been used for cloning and delivery of sin-
gle genes. Here we propose the use of AdVs for generating libraries by positive
selection of recombinants. When transient expression is sufficient for functional
assessment, adenoviral libraries have several advantages over plasmid- or retro-
viral-based libraries: (1) they are suitable for a rapid functional screening in a
broad range of differentiated, dividing, and postmitotic mammalian cells; (2)
small stocks of single adenoviral clones with high titers can be easily obtained,;
and (3) a high level of uniform transient gene expression can be achieved within
24-48 h postinfection, facilitating the screening process. However, the construc-
tion of adenoviral libraries without selection based on inhibited growth of non-
recombinants is fairly inefficient. Even if recombinant clones can be selected
using reporter genes, i.e., fluorescent proteins or LacZ, in a library of several hun-
dred to several thousand clones there will be a large number of parental viruses
that have to be eliminated by time-consuming plaque-purification techniques.
Thus, an ideal method for construction of adenoviral libraries would ensure that:
(1) a very large number of clones are generated following single transfection, and
(2) only recombinant viruses are selected. Among the wide variety of methods
used for the construction of recombinant AdVs, several allow generation of re-
combinants without any parental virus background (7-14). However, the num-
ber of viral clones generated is, at best, lower than 50 per pg of viral DNA, which
is insufficient for generating libraries with high diversity.

Recently, we have designed a new type of AdV devoid of the viral protease
gene (PS) (15). In a wild-type AdV, the viral protease is expressed during the
late phase of infection and is essential for production of mature viral particles
(16). Therefore a PS-deficient AdV (Ad5-APS) is capable of a single round of
replication but cannot form infectious particles unless propagated in a cell line
engineered to express PS. We explored this feature to establish a positive selec-
tion method based on ectopic co-expression of the PS and a gene of interest in
the E1 region upon recombination with the Ad5-APS parental genome (17).
With this method, the parental virus can be eliminated after one round of pu-
rification because only the recombinant AdVs that have rescued PS can lead to
productive infection. Furthermore, we applied the positive selection for rapid
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generation of adenoviral libraries, as illustrated in Fig. 1. The DNA inserts are
initially cloned in an Ad5 transfer vector designed to co-express PS together
with the transgene from two unrelated promotors (Fig. 1). The choice of a weak
enhancerless promoter for PS expression is based on the contention that a low
level of PS is both sufficient and desirable, and also to minimize promoter in-
terference between the expression cassettes. At the genetic level, the diversity
can be generated using a broad range of well-established techniques such as
error-prone polymerase chain reaction (PCR), DNA shuffling, random dele-
tions, or cloning cDNAs from various libraries using standard protocols. The
method of choice will depend on the particular application and will not be dis-
cussed in this chapter.

Because the expression of the gene of interest is not necessary, and could be
potentially deleterious during the recombinant AdV generation and production,
the various inserts in the library are expressed under the control of a regulated
promoter such as the tetracycline inducible (tTA-responsive) promoter (18-20).
Using this system, the recombinant clones are generated and propagated in 293
cells, whereas the functional screening is performed in a cell line expressing a
tetracycline-regulated promotor trans-activator (tTA) or by co-infection with a
recombinant virus expressing tTA (19). Alternatively, a strong constitutive pro-
moter such as CMVS5 can be used in a configuration, ensuring its repression in
specific cell lines expressing a repressor binding to its cognate operator sequence
downstream of the start site. We have recently constructed such an inducible sys-
tem using the cymene operon of Pseudomonas putida F1 in which the expression
of the genes is regulated by a 28kD repressor molecule (CymR) that binds oper-
ator sequences downstream of the start site. CymR is in a DNA-binding config-
uration only in the absence of cymene or cumate, the effector molecules. Thus,
when the cumate operator sequences (CuO) was cloned downstream of the start
site of the CMV5 promoter, the expression of the transgene was substantially re-
pressed in 293-CymR cells in absence the of cumate (21). This inducible system
permits the construction of AdVs in a cell line in which the transgene expression
is minimal (293-CymR), whereas testing of the transgene function can be done
by simple transduction of a wide variety of cell lines and primary cells.

The plasmid library is introduced to the cells by transfection following infec-
tion with Ad5-APS. Individual clones from the resulting pooled viral stock are
isolated as single viral plaques. They are further amplified in small volume
stocks and are ready to be used in screening assays. This method allows genera-
tion of large adenoviral libraries of several hundred to several thousand clones.
We also give an example for high-throughput screening of the amplified aden-
oviral clones. The screening is designed to determine cell growth and/or viabil-
ity and is suitable for identification of clones expressing inserts with either cell-
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Fig. 1. Schematic representation of the steps required to generate adenoviral library by
positive selection of recombinants. The adenoviral transfer vector pAdPS-CMV5CuO
used for cloning of DNA variants in the MCS (BgIII/NotI/ECORV) carries the left aden-
oviral ITR and 9.4-15.5 map unit segment of the Ad5 genome for homologous recombi-
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cycle dysregulation or pro- or anti-apoptotic properties. Because adenoviral
genes in E1, E3, and E4 regions have been shown to interfere with cell-cycle reg-
ulation and/or apotosis, the AdVs used for the functional studies are preferably
deleted of all of these genes except the E4 orf6. The E1 genes are complemented
in 293 cells; the E4 orf6 alone is sufficient for normal growth of E4-deleted
virus; and E3 is dispensable for growth in cell culture (reviewed in ref. 6). Such
AdVs can thus be readily grown in 293-derived cell lines. For functional studies,
nonpermissive cells are infected with individual library clones followed by de-
layed infection with a virus expressing the green fluorescent protein (GFP).
Quantification of the resulting GFP expression for each of the co-infections is
used as an indication for cell growth or viability. This protocol can include an ad-
ditional step of apoptosis induction if needed. The assay is performed in 96-well
plates and GFP intensity is measured using a FluorImager™ instrument and Im-
ageQuant™ software. A similar assay using GFP as a reporter gene can also read-
ily be developed, for example, to map promoter elements or screen for optimal
gene expression in specific cell lines using chimeric promoters assembled with
various TATA boxes and enhancer motifs. For other applications, specific assays
can further be developed for screening of desired phenotypes.

2. Materials

1. The plasmid pAdPS-CMV5CuO (Fig. 1) used to generate libraries is a
modified version of pAdCMVS5 (19). In addition to the viral left ITR and
an Ad5 region allowing homologous recombination in E1 region, the plas-
mid contains an expression cassette in which the gene of interest (X) is
under the control of a cumate-regulated promoter (21) and a PS cassette
under the control of a tk TATA minimal promotor.

2. Ad5-A[PS-E3-E4(+orf6)]: adenovirus type 5 deleted in the PS gene as well
as in the E3 and E4 regions, except E4 orf6, derived from Ad5-APS (15),
propagated in 293-PS cell line and used as nonpurified viral stock.

3. AACMVS5-GFP (20): recombinant adenovirus type 5 with deleted E1 and E3
regions ectopically expressing GFP in the E1 region propagated in 293 cells.

nation with the backbone virus Ad5-A[PS-E3-E4(+orf6)]. This plasmid carries two cas-
settes for ectopic co-expression in the E1 region upon recombination: (1) a cumate-in-
ducible cassette for expression of the gene of interest, and (2) a protease cassette con-
trolled by a tk minimal promotor. Recombinant viruses are generated in 293 cells upon
infection with AdS-A[PS-E3-E4(+orf6)] providing the backbone APS viral genome and
transfection with linearized transfer vectors. The resulting A(E1, E3, E4+orf6) recombi-
nants have rescued PS in the E1 region and can replicate in E1-complementing 293 cells,
in contrast to the parental virus.
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. 293 (CRL 1573, ATCC, Manassas, VA), HeLa , and the 293-derived cell

line, 293-PS, expressing viral PS (15) and 293-CymR, expressing the re-
pressor of the cymene operon (21), are all cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with heat-inactivated fetal bovine
serum (FBS, HyClone, Logan, UT), 2 mM L-glutamine (Wisent Inc., St-
Bruno, QC, Canada), 1% antibiotic/antimycotic solution (Wisent Inc.). Use
5% FBS for 293 cells and 10% FBS for all other cell lines. Prepare heat-
inactivated FBS by heating the serum at 56°C for 30 min to inactivate com-
plement. For all cells lines, cell growth is at 37°C in a humidified incuba-
tor with 5% CO, (referred to as standard conditions in the text).
Phosphate-buffered saline (PBS) (Wisent Inc.).
Trypsin-ethylenediaminetetraacetic acid (EDTA) solution (Wisent Inc.).

. Stock of 5% Seaplaque GTG agarose (BMA, Rockland, ME). Add 5 g of

Seaplaque GTG agarose per 100 mL of PBS. Autoclave for 25-30 min to
sterilize. Prepare 10-mL aliquots and store at 4°C. Approximately 1 h prior
to preparation of overlay, melt the agarose, add warm complete DMEM to
1% final concentration of Seaplaque agarose, and keep at 42°C until use.

. Luria-Bertani (LB) medium and LB agar plates prepared according to stan-

dard protocols (22): 10 g of tryptose phosphate, 5 g of yeast extract, 5 g of
NaCl, and 15 g of agar for LB agar per | L water; sterilize by autoclaving
for 20 min.

. Twenty-five kDa linear polyethylenimine (PEI) polymer, obtained from

Polysciences (Warrington, PA) and prepared according to protocols (23):
stock solution (1 mg/mL) prepared in water and neutralized with HCI. Ster-
ilize the stock solution by filtration using 0.22-um filter and prepare
aliquots of 1 mL. Store at —80°C.

QIAGEN Plasmid Maxi Kit (Qiagen Inc., Valencia, CA).

TOP10 One Shot™ Chemically Competent Cells (Invitrogen Inc., Carls-
bad, CA).

12. Pac I restriction endonuclease (New England BioLabs Inc., Beverly, MA).

13. Ampicillin (Sigma, St. Louis, MO): Prepare 100 mg/mL stock in water, ali-
quot 1 mL samples, and store at —20°C.

14. Fluorlmager™ instrument and ImageQuant™ software (Molecular Dynam-
ics, Sunnyvale, CA).

3. Methods

3.1. Generation of Ad Library Using Positive Selection

3.1.1. Preparation of Plasmid Library for Transfection

L.

Perform cloning of the DNA variants in the multiple cloning site of the ade-
noviral transfer vector (pAdPS-CMV5CuO, BgITI/Notl/EcoRV) followed
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by transformation of TOP10 One Shot™ Chemically Competent Cells fol-
lowing the manfacturer’s instructions.

. Inoculate the transformation mixture into 250 mL of LB containing 100

pg/mL of ampicillin and grow overnight at 37°C shaking at 300 rpm (see
Note 1).

. Extract the plasmid DNA using a QIAGEN Plasmid Maxi Kit according to

the manufacturer’s instructions.

Linearize 5-6 pg (per 60-mm dish) of the plasmid variants with Pacl , which
cutsatthe 5" end of the left ITR (Fig. 1), by adding the 2 U of Pacl/ug of DNA
in total volume of 50 pL of water containing 5 pL of NEB buffer 1 and 100
pg/mL of bovine serum albumin (BSA) (see Note 2). After overnight di-
gestion, purify the linearized plasmids using standard phenol/chloroform/
isoamyl alcohol protocol (22):

a. Add 150 pL of water to 50 puL of Pacl digested DNA.

b. Add an equal volume (200 pL) of phenol/chloroform/isoamyl alcohol
(25:24:1), and mix by vortexing.

c. Centrifuge for 1 min at room temperature. Transfer the top (aqueous)
phase to a new microcentrifuge tube.

d. Add 200 pL of chloroform and mix by vortexing.

e. Repeat step 4c.

f. Add2 volumes of 100% of ethanol and 1/10 volume of 3 M sodium actate,
pH 5.2, to the DNA solution, vortex, and incubate at —70°C for 20 min.

g. Centrifuge for 10 min and wash the pellet with 400 uL. of 70% ethanol.

h. Dry the pellet briefly and resuspend in 20 pL of sterile TE buffer.

3.1.2. Infection/Transfection Protocol for Generating Adenoviral Library

L.

2.

e

6.

Plate 293-CymR cells in 60-mm tissue-culture dishes at 5 X 105 cells per
dish (see Note 3). Incubate overnight at standard conditions.

Remove the medium and infect the cells with 1 mL of fresh complete
DMEM containing Ad5-A[PS-E3-E4(+orf6)] at multiplicities of infection
(MOI) of 1-5 plaque forming units (PFUs).

Incubate the plates under standard conditions on a rocking platform for 5 h.
Replace the infectious mixture with 3 mL of fresh complete DMEM and let
the cells recover for 30 min at standard conditions.

. For each dish, prepare transfection mixture as follows:

a. Toa 1.5-mL microcentrifuge tube add 300 uL. of DMEM without serum,
4.5 ng of linearized plasmid library (from Subheading 3.1.1.), and 6 pg
of PEI (22).

b. Mix well and incubate for 10 min at room temperature.

Add the transfection mixture to the Ad5-A[PS-E3-E4(+orf6)] infected cells.
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Incubate the cells at standard conditions for 3—4 d.

Collect the cells together with the medium and subject them to three freeze/
thaw cycles to release the viral particles from the cells. The resulting viral
mini-stock represents the initial adenoviral library (see Note 4). Store the
mini-stock at —20 to —80°C.

3.1.3. Determination of the Approximate Viral Titer of the Library
by Plaque Assay

1.

2.

One day prior to plaque assay, plate 293-CymR cells at 2.5 X 105 cells/well
into six wells of a 6-well tissue-culture dish.

On the day of the plaque assay, make 1:10 serial dilutions (10~! to 10-9)
of the viral library mini-stock, each dilution in 1 mL of complete DMEM.
Remove the medium from the cells and infect with 1 mL of the appropri-
ate viral dilution per well.

Incubate the plates under standard conditions on a rocking platform over-
night.

. Remove the infectious medium and cover the cells in each well with an over-

lay of 2.5 mL of complete DMEM containing melted Seaplaque agarose at a
final concentration of 1%. Leave the dishes at room temperature on a level
surface for 5—15 min in order to allow the overlay to solidify.

. Incubate the dishes under standard conditions for 1 wk. At that time, add a

second overlay of 1 mL of fresh DMEM containing 1% Seaplaque agarose
to each well.

. Two weeks postinfection, count the number of plaques per well and multi-

ply by the dilution factor to obtain the approximate virus titer (PFU/mL).
Use wells with 10-100 PFUs to estimate the titer.

3.1.4. Plating the Library for Harvesting Individual Viral Clones

L.

Plate 293-CymR cells at 1.5 X 10° cells/100-mm tissue-culture dish. The
number of dishes depends on the expected library diversity (see Note 3).
Incubate at standard conditions overnight.

For each plate, prepare 3 mL of the original viral mini-stock at 50 PFU/mL
diluted in complete DMEM.

. Remove the medium from the cells and infect with 3 mL of the diluted viral

mini-stock.

. Incubate the plates under standard conditions on a rocking platform over-

night.

. Remove the infectious mixture and cover the cells in each dish with an over-

lay of 10 mL of complete DMEM containing melted Seaplaque agarose at a
final concentration of 1%. Leave the dishes at room temperature on a level
surface for 5—15 min in order to allow the overlay to solidify.
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6. Incubate the dishes under standard conditions for 1 wk. At that time, add a
second overlay of 5 mL of fresh DMEM containing 1% Seaplaque agarose
to each dish.

7. Viral plaques representing single recombinant clones will appear within
1-2 wk postinfection. At that time, pipet 200 pL. of DMEM/well into 96-
well plates (see Note 5).

8. Pick up the viral plaques by piercing the agarose with a 200 pL pipet tip by
gently aspirating with a P200 Pipetteman. Transfer the agarose plug to the
well and pipet up and down three times. Change the tip after each manipu-
lation.

9. Incubate the plates with the eluted plaques at standard conditions overnight.

10. Store the plate at —20 to —80°C.

3.1.5. Amplification of Individual Viral Clones

1. Plate 293-CymR cells in 96-well plate at 1 X 105 cells per well in 150 pL
of complete DMEM. Infect with 50 uL of the eluted plaques.

2. Incubate the plates under standard conditions on a rocking platform for sev-
eral days until complete cytopathic effect is present in all wells.

3. Subject the plates to three freeze/thaw cycles to release the viral particles
from the cells.

4. Store the plate at —20 to —80° C.

5. The amplified viral clones can be further used to infect cells for functional
screening assays. At that stage, the titers of the mini-stocks are typically
greater than 10° PFUs/mL.

3.2. High-Throughput Library Screening for Clones Affecting
Cell Viability

The screening assay is designed to measure GFP intensity as an indicator of
cell viability. As a basic principle, the infection with individual viral clones is
followed by a second delayed infection with AACMVS5-GFP delivering the GFP
indicator gene. The assay can be modified for two applications: (1) to identify
expressed DNA variants with a pro-apoptotic or cytotoxic phenotype—as a re-
sult of reduced cell viability, the synthesis and accumulation of GFP reporter
will be impaired; (2) to identify clones with protective or anti-apoptotic prop-
erties. In this case, cells can be treated with agents affecting cell viability prior
to infection. Increased viability will lead to higher GFP intensity.

1. Inoculate HeLa cells in 96-well plates at 1 X 105 cells per well in 100 pL.
of complete DMEM (see Note 6).

2. Infect with 10 pL of the amplified viral clones (see Note 7) and bring the
volume to 200 puL by adding 90 pL of complete DMEM.
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. Incubate the plates under standard conditions on a rocking platform for

12-16 h.

. Infect with AACMVS5-GFP at MOI of 100 PFU by diluting the viral stock

to 1 X 10% PFU/mL and adding 10 pL per well of cells (see Note 8).

. Scan the plate on a Fluorlmager™ for background fluorescence (see Note

9). Incubate the plate under standard conditions on a rocking platform for
24 h.

Scan the plate on a FluorImager to quantify the fluorescence signal. If nec-
essary, incubate the cells for another 24 h and scan again.

3.3. Plaque Purification of Positive Viral Clones

This step is necessary if the positive clones are intended for further applica-

tions such as protein production, precise functional studies, or gene therapy.
This step assures that the viral clones are homogenous before they are ampli-
fied on large scale. One additional round of purification will completely elimi-
nate any possibility of contamination with parental virus or the presence of
more than one clone in the preparation.

1.

Plate 293-CymR cells at 2.5 X 105 cells per well in 6-well tissue-culture
dishes and incubate under standard conditions overnight. Prepare one dish
per clone to be purified.

. The following day, prepare 1:10 serial dilutions (10~! to 10-¢) of each

eluted plaque (from Subheading 3.1.4.) in complete DMEM (see Note 10).

. Remove the medium from the cells and infect with 1 mL of virus dilution

per well.

Incubate the plates under standard conditions on a rocking platform for
2-4 h.

Remove the infectious mixture and cover the cells in each well with an over-
lay of 2.5 mL of complete DMEM containing melted Seaplaque agarose at
a final concentration of 1%. Leave the dishes at room temperature on a level
surface for 5—15 min in order to allow the overlay to solidify.

Incubate the dishes under standard conditions for 1 wk. At that time, add a
second overlay of 1 mL of fresh DMEM containing 1% Seaplaque agarose
to each well.

. Two weeks postinfection, collect isolated positive plaques as described in

Subheading 3.1.4., steps 8-10.

4. Notes

L.

To test cloning and transformation efficiency, plate 50 pL of the transfor-
mation mixture on LB agar plates containing 100 pg/mL of ampicillin.
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2. Other restriction enzymes with even fewer cutting sites, such as Scel, can be
used instead of Pacl to ensure representation of every insert in the library.

3. The number of plates prepared for infection depends on three parameters.
The first parameter is the number of generated independent viral variants,
which is dependent on the recombination efficiency. Under optimal condi-
tions, one recombination event per 103 cells is expected. The second param-
eter is library diversity; for example, if the library contains 1000 different
DNA variants and the recombination efficiency is optimal, a minimum of 1
X 106 cells have to be initially infected/transfected to ensure the representa-
tion of all of the 1000 independent adenoviral clones. The third parameter is
the characteristics of the transgenes expressed in the library. Some trans-
genes are expected to be moderately cytotoxic, pro-apoptotic, or might in-
terfere with the AdV replication. The corresponding viral clones will have
impaired growth and, consequently, they will be less represented in the li-
brary unless controlled by tight inducible promotors.

4. Along with the pool of recombinant AdV variants expressing PS, the
parental virus (Ad5-APS) is also present in the mini-stock because its
growth is maintained by trans-complementation. One round of plaque pu-
rification (see Subheading 3.1.4.) is sufficient to eliminate the parental
virus and to obtain pure individual viral clones.

5. Ninety-six well plates are convenient because they are compatible for use
with multi-channel pipets. This facilitates the next steps of viral amplifica-
tion and high-throughput functional screening.

6. If the assay is designed for examining cell cycle dysregulation rather than
cytotoxicity or anti-apoptotic activity, then 2 X 104 cells per well should be
used instead.

7. For more precise results, this assay can be done in triplicate, infecting with
5 uL, 10 pL, and 20 pL of the amplified clones.

8. Given the high amount of GFP released in crude lysates of AACMV5-GFP-
infected 293 cells, CsCl-purified AACMV5-GFP (24) should be used to
minimize the background GFP that would otherwise be introduced in the
wells with viral inocula from crude lysates.

9. For scanning and quantification of the fluorescence intensity, follow Fluo-
rImager™ and ImageQuant™ manufacturer’s instructions.

10. In most cases, dilutions of 10-3 and 10—4 are optimal to obtain a few iso-
lated plaques.
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Adenovirus-Mediated Gene Delivery to Skeletal Muscle

Joanne T. Douglas

1. Introduction

Adenoviral vectors can be employed for gene delivery to skeletal muscle, both
ex vivo and in vivo. Although the realization of the full potential of adenoviral
vectors awaits the development of methods to allow safe and efficient targeted
gene delivery to mature skeletal muscle upon intravenous vector administration
(1), the current generation of vectors has nonetheless found utility in preclinical
studies of gene therapy and in gene-transfer experiments designed to study mus-
cle biology. Features of adenoviral vectors that have favored their use for gene de-
livery to skeletal muscle include the ability to infect both actively dividing and
terminally differentiated cells, as well as their large insert capacity. Gutted aden-
oviral vectors are capable of carrying the large dystrophin gene together with reg-
ulatory sequences, and are therefore appropriate vehicles for gene-replacement
therapy for Duchenne muscular dystrophy. In addition to their suitability for in
vivo gene-therapy applications, adenoviral vectors have been used ex vivo to
transfer genes to myoblasts prior to myoblast transplantation into muscle.

Adenoviral vectors also suffer from a number of limitations as vehicles for
gene delivery to the muscle. On the one hand, there are generally recognized is-
sues of short-term gene expression and the induction of both innate and ac-
quired immune responses in vivo, which are being addressed by improvements
to the vectors, as discussed in the overview chapter. However, adenovirus-me-
diated gene transfer to the muscle suffers from the unique problem of a matu-
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ration-dependent decrease in the efficiency of infection (reviewed in ref. 2).
Thus, although adenoviral vectors can efficiently infect neonatal muscle in vivo,
mature skeletal muscle is only poorly transduced. This finding correlates with
in vitro studies that demonstrate that adenoviral infection of mononucleate my-
oblasts is much more efficient than infection of myotubes (cylindrical, multin-
ucleate muscle cells generated by fusion of myoblasts) or isolated muscle fibers.

A number of potential barriers to efficient adenoviral infection of mature
skeletal muscle have been suggested. In this regard, the primary cellular receptor
for adenovirus serotype 5, the coxsackievirus and adenovirus receptor (CAR), is
barely detectable in adult (60-d-old) murine skeletal muscle, although low levels
are present at in 3- and 10-d-old mice (3). This downregulation of CAR expres-
sion correlates with the known developmental decrease in susceptibility to aden-
oviral infection. Muscle-specific overexpression of CAR in transgenic mice has
been shown to render the mature muscle more susceptible to adenoviral infection
(4). This suggests that tropism-modified adenoviral vectors capable of CAR-
independent infection of muscle would be able to accomplish more efficient gene
transfer than vectors with wild-type fibers (1,5). However, an additional hurdle is
introduced by the evidence that the basal lamina presents a physical barrier to ef-
ficient infection of mature muscle by adenoviral vectors (6). To date, no strategies
to overcome this obstacle have been proven to be practical and efficacious in vivo.

In summary, currently available adenoviral vectors are capable of efficient
gene delivery to myoblasts ex vivo and to immature skeletal muscle upon direct
intramuscular injection in vivo. Accordingly, adenoviral vectors have found
widespread application in these delivery contexts. Much effort is currently
being expended to generate an adenoviral vector capable of efficient gene de-
livery to mature skeletal muscle upon systemic administration.

In this chapter, we describe methods for adenovirus-mediated gene delivery
to myoblasts, myotubes, and myofibers in vitro, and for intramuscular injection
in vivo. Although methods are described for gene transfer by current adenovi-
ral vectors, only minimal modifications will be necessary for future, more effi-
cient vectors.

2. Materials
2.1. Sources of Cells and Reagents

1. Mice (C57BL/6, C57BL/10, mdx etc.) are available from The Jackson Lab-
oratory (Bar Harbor, ME).

2. The murine C2C12 myoblast cell line (ref. 7; ATTC Number CRL-1772)
is available from the American Type Culture Collection (ATCC), Manas-
sas, VA.
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3.

4,

5.

6.

Normal human skeletal muscle cells (Clonetics™) and the recommended
growth medium are available from BioWhittaker, Inc. (Walkersville, MD).
Dulbecco’s modified Eagle’s medium (DMEM), Opti-MEM, chick embryo
extract, glutamine, sodium bicarbonate, penicillin/streptomycin, fetal calf
serum (FCS), horse serum, Dulbecco’s phosphate-buffered saline (PBS),
Hank’s balanced salt solution (HBSS), dispase, and trypsin-ethylenedi-
aminetetraacetic aicd (EDTA) (GIBCO™ brand) are available from Invit-
rogen (Carlsbad, CA).

Tissue-culture plates precoated with collagen type 1 or Matrigel (BD Bio-
Coat™)are available from BD Biosciences (Bedford, MA).

Collagenase type I and type XI are available from Sigma (St. Louis, MO).

2.2. Adenoviral Vectors

1.

2.
3.

4.

Purify adenoviral vectors by cesium chloride density-gradient ultracen-
trifugation or column chromatography.

Dialyze at 4°C to remove cesium chloride if necessary.

Determine the concentration of the vectors by physical and/or biological
methods (8).

Store adenoviral vectors in 10-uL aliquots at —80°C.

2.3. Solutions and Culture Medium

1.

Growth medium for C2C12 myoblasts: DMEM with 4 mM L-glutamine
supplemented with 10% FCS and 1% penicillin/streptomycin and adjusted
to contain 1.5 g/LL sodium bicarbonate and 4.5 g/L. glucose. Cells must not
be allowed to become confluent because this will deplete the myoblastic
population in the culture.

Growth medium for primary murine myoblasts: DMEM with 2 mM L-glu-
tamine supplemented with 10% FCS, 10% horse serum, 0.5% chick embryo
extract, and 1% penicillin/streptomycin.

. Differentiation medium for C2C12 myoblasts: DMEM with 4 mM L-gluta-

mine supplemented with 10% horse serum and 1% penicillin/streptomycin
and adjusted to contain 1.5 g/L. sodium bicarbonate and 4.5 g/L glucose.

. Differentiation medium for primary murine myoblasts: DMEM with 2 mM

L-glutamine supplemented with 1% FCS, 1% horse serum, and 1% peni-
cillin/streptomycin.

. Growth medium for myofibers: DMEM with 2 mM L-glutamine supple-

mented with 10% horse serum, 1% chick embryo extract, and 1% penicillin/
streptomycin.

Solutions for preparation of myoblasts by enzymatic digestion of muscle:
0.2% (wlv) collagenase type XI in HBSS; dispase (2.4 U/l mL HBSS);
0.1% (w/v) trypsin-EDTA in HBSS. Prepare fresh.
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7. Adenoviral vector dialysis buffer: 10 mM HEPES, 1 mM MgCl, contain-
ing 10% glycerol.

3. Methods

3.1. Adenovirus-Mediated Gene Delivery to Myoblasts, Myotubes,
and Myofibers In Vitro

3.1.1. Preparation of Primary Myoblast Cultures

Although the commercially available murine myoblast cell line C2C12 is
suitable for many purposes, it is often necessary to isolate primary murine my-
oblasts from skeletal muscle (9,10).

1. Sacrifice mice by a standard painless technique.

2. Immediately remove the forelimb and hindlimb muscles, dissect the bones,
and rinse the muscle in PBS.

3. Chop the muscle into a coarse slurry using scalpels and transfer to a 15-mL
conical tube.

4. Add 0.2% (w/v) collagenase type XI in HBSS and dissociate the muscle tis-
sue by enzymatic digestion at 37°C for 1 h, with continuous gentle rocking
of the conical tube.

5. Centrifuge at 20009 for 5 min. Collect the cells and incubate in dispase (2.4
U/1 mL HBSS) for 45 min at 37°C. Then incubate the cells for 30 min at
37°C in 0.1% (w/v) trypsin-EDTA in HBSS.

6. After the enzymatic dissociation, centrifuge and resuspend the isolated
muscle cells in growth medium.

7. Preplate the cells on collagen-coated 6-well plates and incubate at 37°C in
5% CO,. After about 1 h, decant the supernatant containing nonadherent
cells from the well and replate in a fresh collagen-coated well (see Note 1).

8. Subculture myoblasts before they become confluent, to avoid differentia-
tion into myotubes.

3.1.2. Differentiation of Myoblasts into Myotubes

1. Fusion of myoblasts into myotubes is induced by changing from myoblast
growth medium to differentiation medium. Cylindrical multinucleate my-
otubes will form within 5 d.

3.1.3. Isolation of Myofibers

Single myofibers can be isolated from the extensor digitorum longus (EDL)
muscle of mature mice (11) or from the soleus and gastrocnemius muscles (en
bloc) of immature mice (6) (see Note 2).

1. Sacrifice mice by a standard painless technique.
2. Immediately remove the muscle by dissection and rinse in PBS.
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3.

Transfer the muscle to a 50-mm diameter X 18-mm deep plastic Petri dish.
Add 1 mL 0.2% (w/v) type I collagenase in DMEM and dissociate the mus-
cle tissue by enzymatic digestion at 37°C for 2 h, with continuous gentle
rocking.

. Transfer the muscle to a 50 mm X 18 mm plastic Petri dish using a wide-

mouth Pasteur pipet (see Note 3).

Under a stereo dissecting microscope, liberate single myofibers by repeat-
edly triturating the muscle with a wide-mouth Pasteur pipet. Once 20-30
intact single myofibers have been separated, transfer the muscle bulk to a
fresh Petri dish and continue trituration, using a Pasteur pipet with a smaller
mouth. Continue the cycles of fiber separation as necessary.

Use a Pasteur pipet to transfer separated myofibers into tissue-culture plates
coated with 1 mg/mL Matrigel. Plate 5-25 single myofibers per well of a
12-well plate or 10—100 fibers per well of a 6-well plate. Incubate in growth
medium at 37°C in 5% CO,.

. Confirm the viability of fibers by trypan blue exclusion and infect with ade-

novirus 24 h after isolation (see Notes 4 and 5).

3.1.4. Infection of Myoblasts, Myotubes, and Myofibers

L.

Thaw adenoviral vectors on ice immediately prior to use.

2. Dilute adenoviral vectors to the desired concentration in Opti-MEM™

serum-free medium (See Note 6).

. Aspirate growth medium from myoblasts (2 X 106 per well of a 6-well

plate), myotubes, or myofibers in tissue-culture plates and rinse with HBSS.
Apply suspension of adenoviral vectors in the smallest volume of Opti-
MEM™ necessary to cover the muscle cells or fibers.

Incubate for 1 h at 37°C in 5% CO, with gentle rocking every 10 min.
Aspirate viral infection medium and replace with appropriate growth
medium.

Continue incubation at 37°C in 5% CO, for a further 2448 h.

. Perform appropriate assays for transgene expression. In the case of aden-

oviral vectors expressing [-galactosidase, this will involve histochemi-
cal staining using X-gal as the chromogenic substrate. Expression of green
fluorescent protein (GFP) can be detected using a fluorescence micro-
scope.

3.2. Adenovirus-Mediated Gene Delivery to Muscle In Vivo

3.2.1. Intramuscular Injection

1.
2.

Thaw adenoviral vectors on ice immediately prior to use.
Dilute adenoviral vectors to the desired concentration in HBSS (see Note 7).
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. Anesthetize mice by intraperitoneal injection of ketamine-xylazine (100

and 10 mg/kg body weight, respectively).

. Inject tibialis anterior or gastrocnemius muscles percutaneously with ade-

noviral suspension using a syringe and 26 G needle. Inject 25 pL of viral
suspension.

Sacrifice mice 3-5 d post-infection.

Dissect injected and control muscles and snap-freeze.

. For histochemical analysis, cut 10-um thick sections using a cryostat.

4. Notes

L.

2.

The cells that adhere rapidly to the first collagen-coated flask will mostly
be fibroblasts and should be discarded.

The small size of immature mice makes the isolation of single myofibers
from the EDL muscle technically impossible.

. Prerinse the Petri dishes with a small volume of horse serum to prevent the

fibers from sticking. Flush the Pasteur pipets with DMEM containing 10%
horse serum.

. Those fibers that fail to exclude trypan blue will also appear visibly hyper-

contracted. Thus, with practice, nonviable fibers can be eliminated by eye.

. Myofibers should be infected 24 h post-isolation. At this time, those fibers

that were badly damaged during isolation will have died, whereas the ded-
ifferentiation of the fiber that occurs in culture will be minimal.

It is recommended that initial experiments be performed using the aden-
oviral vector at a range of concentrations. Multiplicities of infection of 10,
50, and 100 infectious units per cell are suggested for myoblasts, whereas
5 X 105 to 5 X 107 infectious units per well are suggested for myotubes
and myofibers. Experiments should be performed with triplicate samples
and uninfected cells should serve as a control. It is also recommended that
an adenoviral vector expressing a reporter protein such as [3-galactosidase
or GFP be employed as a control for the efficiency of infection.

. It is recommended that initial experiments be performed using the aden-

oviral vector at a range of concentrations. Intramuscular injection of 107 to
109 infectious units is suggested. It is customary to inject one side of the
mouse, so that the contralateral muscle serves as a negative control. It is
also recommended that an adenoviral vector expressing a reporter protein
such as B-galactosidase or GFP be employed as a control to allow the ex-
tent of gene transfer within the muscle to be quantified.
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Delivery of Adenoviral DNA to Mouse Liver

Sheila Connelly and Christine Mech

1. Introduction

The liver represents a major target organ for gene delivery owing to its high
biosynthetic capacity and access to the bloodstream. Adenoviral vectors are
highly efficient gene-transfer vehicles, making them among the most promising
systems for in vivo gene transfer to the liver. Following intravenous adminis-
tration of adenoviral vectors to a variety of mammalian models, including mice,
dogs, and monkeys, hepatocytes are efficiently transduced (1). Several delivery
methods to the liver have been described, including portal vein (2-4), hepatic
artery (3,5), and peripheral vein infusions (6). This chapter describes the sim-
ple, nonsurgical method of intravenous (iv) administration of adenoviral vectors
in mice, and an immunohistochemical method to qualitatively evaluate liver
transduction efficiency following delivery of an adenoviral vector encoding a [3-
galactosidase (f3-gal) marker gene. Additionally, several alternative methods to
verify efficient liver transduction are introduced.

Although systemic vector delivery is facile, a major limitation of this deliv-
ery method is the broad tissue distribution. Following a single iv injection in
mice, the liver is the most highly transduced organ. However, significant lev-
els of vector DNA have been detected in all organs and tissues evaluated, in-
cluding lung, spleen, kidney, heart, and gonads (6). Therefore, a variety of pa-
rameters must be taken into consideration prior to iv vector delivery to ensure
optimal liver transduction and transgene expression efficiency. These include
the choice of adenoviral vector backbone, the design of the transgene expres-
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sion cassette, the selection of the animal model, and the optimization of vec-
tor dose.

A major limitation to adenoviral vector efficacy is that transgene expression,
in general, is transient, and adenoviral vectors are toxic and immunogenic.
Therefore, the choice of adenoviral vector backbone is an important considera-
tion. Initial studies have suggested that adenoviral toxicity is mediated in a large
part by the cellular immune response to de novo synthesis of viral antigens in
transduced cells (7-9). Therefore, a strategy to reduce vector-mediated toxicity,
and thereby prolong transgene expression, has been the sequential elimination
of key early genes from the vector backbone. Because the early region gene
products function to upregulate expression of the late region genes, removal of
the early genes results in the diminished expression from other essential viral
backbone genes. First-generation adenoviral vectors are deficient in the E1 re-
gion (10), whereas subsequent generation vectors are deficient in E2a, E2b,
and/or E4 in addition to the El region (11-16). This gene attenuation strategy
had limited success, partly owing to continued low-level expression of viral
genes remaining in the attenuated vector backbone, and the unpredictable func-
tion of the transgene expression cassettes incorporated in the vectors (16-19).
As an alternative approach, vectors devoid of all viral coding regions have been
generated (20-23). These vectors, referred to by a variety of names including
“gutless,” high-capacity, and helper-dependent, are grown in the presence of a
helper virus that supplies the proteins required for vector replication and pack-
aging (24). Evaluation of a gutless vector encoding the human factor VIII
(FVIII) cDNA in mice demonstrated 10-fold higher FVIII expression levels,
longer duration of FVIII expression, and reduced hepatic toxicity compared
with an E1/E2a-deficient early generation vector encoding an identical trans-
gene expression cassette (25). However, the initial, dose-dependent hepatic tox-
icity believed to be associated with the adenoviral capsid protein has not been
improved with the gutless vector (25). In baboons, a gutless vector displayed
transgene expression sustained for at least 1 yr in two of three treated animals
(20). These data suggest that gutless adenoviral vectors represent a significant
improvement over early generation adenoviral vectors, owing to the complete
elimination of viral genes from the vector backbone. Therefore, to obtain the
maximal level and duration of transgene expression with minimal toxicity, the
use of a gutless adenoviral vector is recommended. However, gutless vectors are
not currently commercially available, and useful data can also be obtained using
early generation, E1-deficient vectors.

Another important element in vector design is the choice of the transgene
expression cassette. The transgene transcriptional unit consists of the elements
required to enable the appropriate expression of the transgene and in most in-
stances, is designed to maximize the expression of the exogenous gene. Trans-
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gene expression cassettes consist of the enhancer/promoter, the gene of interest,
and a polyadenylation signal. A major determinant of transgene expression per-
sistence is the relative immunogenicity of the transgene protein product in the
chosen animal model. For example, reporter proteins, such as -gal, are highly
immunogenic in mice (26), whereas, as expected, endogenous proteins, such as
murine erythropoietin, are not immunogenic in most instances (27). The choice
of promoter driving expression of the transgene is also an important considera-
tion. A large variety of promoters have been utilized for transgene expression,
the choice of which depends on the application and intended target tissue.
Strong, constitutively expressed viral promoters such as the cytomegalovirus
(CMV) or the Rous sarcoma virus (RSV) promoters have been widely used. In
general, such promoters allow maximal expression of the transgene, but in many
cases expression is short-term. For example, the CMV promoter was reported
to be quickly silenced in mouse liver (28,29). Furthermore, transgene expres-
sion from a constitutive promoter allows unrestricted transgene expression in all
transduced tissues, potentially increasing vector toxicity and immunogenicity.
Indeed, whereas initial transgene expression levels were seven-fold higher, the
CMV-promoted vector also displayed increased liver toxicity, decreased per-
sistence of vector DNA in the liver, and a decreased duration of transgene ex-
pression, compared with a vector containing the identical transgene driven by a
liver-specific promoter (29). The use of liver-specific promoters, such as Apo
Al (29), a,-anti-trypsin (20), and albumin (23,30-32), has been described. In
several cases, the use of a liver-specific promoter reduced vector immuno-
genicity and toxicity, increased the persistence of transgene expression, and po-
tentially increased vector safety (29,31,32). The mechanism of reduced vector
immunogenicity is not known, but it has been speculated that as a result of liver-
specific transgene expression, expression in other tissues is significantly re-
duced and the immune activation of antigen-presenting cells (APCs) may be
prevented (32). Therefore, depending on the level of transgene expression and
duration of expression required, the use of a liver-specific promoter in place of
a ubiquitous promoter is recommended.

An additional approach shown to increase the potency of the transgene in
adenoviral vectors is the introduction of genomic elements into the expression
cassette. For example, the addition of an intron upstream of a human FVIII
cDNA boosted in vivo expression approx 10-fold (30), and the inclusion of an
intron upstream of the Apo Al coding region prolonged the duration of trans-
gene expression (29). Finally, a variety of polyadenylation signals has been in-
corporated into transgene-expression cassettes. Suggested polyadenylation sig-
nals include the bovine growth hormone, Simian virus 40 (SV40), or synthetic
polyadenylation signals.
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Another important consideration in achieving efficient adenoviral vector-me-
diated liver transduction and optimal transgene expression is the choice of ani-
mal model. Mouse models are probably the most well-studied, and extremely ef-
ficient liver transduction following tail-vein injection of adenovirus serotype
5-based vectors has been widely reported. In mice, the liver is the most highly
transduced organ, with the lung containing approx 10% the vector level of the
liver, and the spleen, kidneys, heart, and other organs containing less than 1% the
level of the liver (6). Although rats (33), rabbits (4), pigs (34), dogs (35-37), and
monkeys (38,39) also display efficient liver transduction following peripheral
vein injection, the pattern of vector distribution differs from that of mice. In dogs
and monkeys, for example, the spleen and liver are transduced with similar effi-
ciencies (36,38). However, for initial transgene expression studies, mice are the
species commonly selected owing to their size, availability, and relative homo-
geneity as an inbred model. However, different inbred mice display variable im-
mune responses to specific antigens (40), and vary in the efficiency and duration
of adenovirus-mediated transgene expression (40-44). Therefore, the choice of
mouse strain is also an important consideration. In our experience, C57BL/6
mice represent the optimal mouse strain to achieve long-term liver-mediated ex-
pression from an adenoviral vector, because this mouse strain displays an atten-
uated CTL response to the adenoviral vector backbone genes (45). In contrast, a
strong CTL response to the adenoviral vector has been documented in other
mouse strains (7—9), which resulted in a rapid loss of vector DNA from the trans-
duced mouse livers, and therefore short-term transgene expression. Furthermore,
outbred strains, such as CD-1 mice, which are commonly used for toxicological
investigations, may respond differently than inbred strains. Therefore, if a mouse
model is chosen, the specific objectives of the study should be carefully consid-
ered in the selection of the mouse strain. C57BL/6 mice are recommended for in-
vestigations that require sustained transgene expression in liver.

The final component necessary for efficient liver transduction and transgene
expression is the choice of vector dose. In general, the higher the vector dose de-
livered, the higher the initial transgene-expression levels. However, the hepato-
toxicity associated with high vector doses resulted in the rapid elimination of
transduced cells, and therefore, a rapid decline in transgene expression (13,46). In
contrast, when lower, less toxic vector doses were delivered to mice, transgene ex-
pression persisted for several months, indicating that dose-dependent vector tox-
icity limited vector persistence (13,46). Therefore, a dose high enough to achieve
efficient transgene expression and low enough to avoid hepatotoxicity is required.
To complicate matters further, there does appear to be a lower vector dose limit for
effective liver transduction. Several recent reports have documented this “thresh-
old” for efficient liver transduction in mice (45,47). Following tail-vein adminis-
tration of increasing doses of an adenoviral vector, a nonlinear dose response in
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transgene-expression levels and liver-transduction efficiency was measured.
Transgene expression was not observed at low vector doses (45), whereas a mod-
erate increase in vector dose resulted in extremely high expression levels (47).
The current hypothesis to explain this observation is that at low doses, the vector
is efficiently removed from the blood prior to reaching the hepatocytes, probably
by the reticuloendothelial system, specifically the Kupffer cells in the liver,
whereas higher vector doses saturate the Kupffer cells, allowing high level hepa-
tocyte transduction (45,47). Therefore, the use of a vector dose above the thresh-
old for liver transduction, but below the level that causes significant hepatoxicity,
is required for efficient liver transduction and expression. The suggested vector
dose range that reproducibly results in measurable liver transduction and expres-
sion is 1012 and 1013 vector particles/kg (25,45). Within this vector dose range, the
recommended doses are 3—-6 X 1012 particles/kg. Finally, iv dosing on an individ-
ual animal body-weight basis (i.e., vector particles per kilogram, see Table 1) is
recommended to reduce animal to animal variability and to facilitate extrapola-
tion to other species, including humans.

To summarize, the suggested parameters for efficient liver transduction and
sustained transgene expression include: (1) A gutless adenoviral vector back-
bone, although El-deficient early generation vectors function quite well; (2) a
transgene expression cassette consisting of a nonimmunogenic transgene, driven

Table 1

Vector Dosing Relationshipsa

Body weight Vector dose Vector conc. Dose volume  Injection volume
(2) (particles/kg)  (particles/mL) (mL/kg) (mL)

18 6 X 101! 6 X 1010 10 0.18

20 6 X 101! 6 X 1010 10 0.20

23 6 X 101! 6 X 1010 10 0.23

22 3 X 101 3 X 1010 10 0.22

22 6 X 101! 6 X 1010 10 0.22

22 1 X 1012 1 X 1011 10 0.22

aThe relationship between mouse body weight, vector dose, vector concentration, dose vol-
ume, and injection volume. The dose volume (10 mL/kg) delivered to the mice is constant; the
variables are the body weight (g) and the vector dose (particles/kg). The vector concentration
(particles/mL) is adjusted to match the desired vector dose (particles/kg). The upper portion of
the table displays the injection volumes for animals of differing body weights each receiving the
same vector dose. The lower portion of the table displays the injection volume for animals of the
same body weight each receiving a different vector dose. Vector dosing in this manner allows each
animal to get an individualized dose, which decreases animal-to-animal variation in liver-trans-
duction efficiency and transgene-expression levels, and allows easier extrapolation to other
species, including humans.
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by a liver-specific promoter, an intron upstream of the transgene cDNA, and an
efficient polyadenylation signal; (3) C57BL/6 mice, between 4 and 8 wk of age;
and (4) an optimal vector dose that is above the threshold for efficient liver trans-
duction but below the level that causes toxicity (3—6 X 1012 vector particles/kg).

2. Materials
2.1. Sources of Materials

1. Early generation, E1-deficient adenoviral vectors encoding a marker gene,
such as green florescent protein (GFP) or B-gal, can be purchased from sev-
eral sources, such as Strategene (La Jolla, CA) or Clontech (Palo Alto, CA).
Also, these sources provide kits with all the materials required to generate
adenoviral vectors encoding the transgene expression cassette of choice.

2. Hank’s Balanced Salt Solution (HBSS, InVitrogen, Carlsbad, CA) and phos-

phate-buffered saline (PBS; 10 mM sodium/potassium phosphate, 0.9%

sodium chloride, pH 7.4; Zymed laboratories, Inc., San Francisco, CA).

Broome rodent restrainer: Harvard Apparatus (Holliston, MA)

4. 10% Neutral-buffered formalin (Surgipath Medical Industries, Rich-
mond, IL).

5. Tissue-Tek VIP Processor, Tissue-Tek Embedding Center, stainless steel

base molds, plastic tissue cassettes (Sakura Finetek, Torrance, CA).

Blue Ribbon Paraffin (Surgipath Medical Industries, Richmond, IL).

Leica RM2155 Microtome (Leica, Wetzlar, Germany).

Sequenza slide rack: ThermoShandon (Pittsburgh, PA).

Graded alcohols: isopropanol/methanol mixture (Richard Allan Scientific,

Kalamazoo, MI).

10. Rabbit-anti-f-galactosidase antibody (ICN Biomedicals, Aurora, OH, Cat.

no. 55976).
11. Biotinylated goat-anti-rabbit IgG (Vector Labs, Burlingame, CA, Cat. no.
BA-1000).

12. Vector ABC Elite Standard Kit (Vector Labs, Cat. no. PK-6100).

13. DAB Chromogen (Research Genetics, Huntsville, AL, Cat. no. 750118).

14. Hematoxylin, water-based (Research Genetics).

e

O xR

2.2. Solutions

1. Adenovirus lysis buffer: 10 mM Tris HCI, pH 7.4, 1 mM ethylenedi-
aminetetraacetic acid (EDTA), 0.1% sodium dodecyl sulfate (SDS).

2. Adenovirus storage buffer: 200 mM Tris-base, 50 mM HEPES, 10% glyc-
erol, pH 8.0 (with phosphoric acid) (see Note 1).

3. Methanol-hydrogen peroxide solution: 4 mL 30% hydrogen peroxide plus
200 mL methanol.
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e

PBS working solution: 0.1% Tween-20 in PBS.

Blocking buffer: 5% bovine serum albumin (BSA), 10% goat serum in PBS.
ABC complex: Mix two drops of Solution A and 2 drops of Solution B in
5 mL of PBS (1:80 dilution). Allow this solution to stand for a minimum of
30 min before use.

3. Methods
3.1. Measurement of Vector Concentration

1.

2.
3.
4.

Dilute 5 pL of concentrated adenovirus stock into 95 pL of adenovirus lysis
buffer (1:20 dilution).

Incubate sample at 56°C for 15 min.

Measure the OD, in a calibrated spectrophotometer.

Multiply OD,, X dilution factor Use the formula 1 OD,,, = 1.1 X 1012
particles/mL to calculate virus concentration (48).

3.2. Preparation of Vector and Injection of Mice

1.

2.

SR

11.

Thaw an aliquot of adenoviral vector on ice. Gently mix when completely
thawed. (see Note 2).

Dilute virus to the desired concentration into chilled HBSS. Keep diluted
virus on ice until ready to load the injection syringes (see Note 3).

Gently warm the mice under a heat lamp for 5—10 min to facilitate dilation
of the lateral tail veins. Alternatively, warm water may be used to dilate the
tail veins (see Note 4).

Load 0.5- or 1-mL insulin syringes with fixed 27 G needles with the ap-
propriate volume of the diluted virus (see Note 5). Carefully remove all air
bubbles, and allow virus solution to come to room temperature, approx
10 min.

Place heated mouse in a Broome rodent restrainer.

Gently rub the selected lateral vein with an alcohol swab.

. With the bevel up, insert the needle into one of the lateral tail veins at a site

close to the tip of the tail. The angle made between the needle and the vein
should be as small as possible (see Fig. 1).

. Draw back gently on the plunger of the syringe to determine that the nee-

dle is in the vein. A small amount of blood in the syringe is a good indica-
tion of proper placement (see Fig. 1).

. Slowly discharge the contents of the syringe (see Note 6).
. As the needle is withdrawn, apply pressure to the injection site until bleed-

ing has abated.
Remove animal from the restrainer, and place in cage. Observe animal for
5—10 min to check for an adverse reaction.
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Fig. 1. Demonstration of the proper technique for a tail-vein injection. With the bevel
up, insert the needle into the vein at a site close to the tip of the tail. Keep the angle be-
tween the needle and the vein as small as possible. Draw back gently on the plunger of
the syringe to achieve blood return to ensure that the needle is in the vein. Slowly dis-
charge the contents of the syringe. Stop immediately if pressure is felt upon injection,
the formation of a bleb occurs, or another sign of leakage is noted. A second attempt
may be required at another site, above the initial site, or in a different vein. Photograph
courtesy of Donna Goldsteen.

3.3. Liver Collection, Fixing, and Preparation

1. Euthanize animals via CO, asphyxiation or cervical dislocation.

2. Excise entire liver, and immerse into 10% neutral-buffered formalin. Fix

livers 24-48 h.

Cut livers into 3- to 4-mm sections.

4. Place in a tissue cassette and process to paraffin using a V.I.P. Tissue
Processor.

5. Generate a paraffin block by the process of embedding using the Tissue-
Tek Embedding Center following standard procedures. Place prepared liver
sections carefully within the stainless steel mold, fill with molten paraffin,

98]
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6.

and place cassette body on top of the stainless steel mold. Dispense addi-
tional paraffin to fill the space created by the cassette body.

Transfer the mold to the cold plate and allow the paraffin to solidify. When
solid, the paraffin tissue block will separate easily from the stainless steel
mold.

3.4. p-Gal Immunohistochemistry Procedure

L.

e

e

10.

11.
12.

13.
14.

15.
16.

17.

Using paraffin-embedded livers, cut paraffin sections 5-p thick using a
Leica RM 2155 microtome, and place on electrostatically charged slides
(see Note 7).

Place slides in a 60°C oven and bake for 1 h to allow sections to adhere to
the slides.

Deparaffinize slides in three changes of xylene for 5 min each.

Rehydrate slides through a series of graded alcohols (100, 95, 70, 0%) pre-
pared in distilled water.

Rinse slides in two changes of PBS.

Quench endogenous peroxidase activity by placing slides in the methanol-
hydrogen peroxide solution for 30 min at room temperature.

Wash slides with distilled water three times for 2 min each wash.

. Load slides into a Sequenza slide staining rack as follows:

a. Fill a glass-staining dish with PBS.

b. Immerse slide in PBS and place coverplate on top of slide.

c. Place the slide/coverplate assembly in the slot in the staining rack.

d. Fill each slide/coverplate assembly with PBS. If PBS drains too quickly
(less than 2 min) repeat steps b—d.

. Allow the PBS to drain from each slide assembly completely, approx 10

min, then apply 200 uL of Blocking solution buffer to each slide and incu-
bate 30 min at room temperature. Do not rinse slide.

Apply 200 pL per slide of rabbit anti-f-gal antibody, diluted 1:2600 in
blocking solution buffer. Incubate for 1 h at room temperature.

Rinse with PBS solution three times, 5 min each wash.

Apply 200 pL per slide of biotinylated goat-anti-rabbit IgG, diluted 1:200
in Blocking solution buffer, and incubate 30 min at room temperature.
Rinse slides three times with PBS solution, 5 min each wash.

Apply 200 pL of prepared ABC complex, and incubate 30 min at room tem-
perature.

Rinse with PBS solution three times, 5 min each time.

Apply 500 uL of the DAB chromogen to each slide, and incubate for 5 min
at room temperature.

Rinse slides with PBS solution one time.
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Fig. 2. Analysis of liver-transduction efficiency following tail vein administration of
adenoviral vectors to mice. (A) f-gal immunohistochemical analysis of mouse liver sec-
tions. C57BL/6 mice were treated with 3 X 10!! particles/mouse of an E1-deficient ade-
noviral vector encoding nuclear localized B-gal (B-gal Vector; (6), or a control vector,
labeled Control, lacking the B-gal gene. Seven days after vector administration, livers
were collected, and sections were analyzed by immunohistochemistry as described. -
gal positive cells display brown nuclei; negative cells display light purple nuclei. All he-
patocytes in the B-gal vector-treated animal display B-gal expression, indicating ex-
tremely efficient liver transduction. (B) Southern analysis of liver DNA isolated from
C57BL/6 mice treated with 3 X 101! particles/mouse of an early generation vector en-
coding human factor VIII (30). Each DNA sample (10 ug) was digested with BamHI
and subjected to Southern analysis using a 32P-labeled random primed DNA probe en-
coding a portion of the human FVIII ¢cDNA (49). The lanes labeled Samples contain
DNA isolated from three vector-treated mice. The lanes labeled Standards contain viral
DNA equivalent to 50, 25, 10, and 1 vector copy per cell and were prepared by adding
3000, 1500, 600, or 60 pg of viral DNA to 10 pg of untreated, control mouse genomic
liver DNA and digesting with BamH]1 (see Note 9 for a formula useful for the calcula-
tion of DNA copy number standards). The data demonstrate 10-20 vector copies per
cell in the livers of the treated mice.
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18.
19.
20.
21.
22.
23.

24.
25.
26.

Remove slides from staining rack and wash in running tap water for 5 min.
Lightly counterstain slides in Hematoxylin for 5-10 s.

Rinse in running tap water for 2 min.

Immerse slides in PBS solution for 1 min.

Rinse in running tap water for 2 min.

Dehydrate slides through two changes of 95% alcohol and two changes of
100% alcohol for 3 min each time.

Clear slides in three changes of xylene 3 min each time.

Apply coverslip using xylene-based mounting medium.

B-gal positive cells appear dark brown, whereas negative cells appear light
purple (Fig. 2A; see Note 8 for alternative, quantitative assays to determine
liver transduction efficiency).

4. Notes

L.

Concentrated E1-deficient adenovirus stocks, between 5 X 1011 to 5 X 1012
particles/mL are stable for at least 2 yr when stored in this buffer at —80°C
(M. Bowe and S. Forestell, personal communication). However, storage of
virus stocks more concentrated than 1 X 1013 particles/mL is not recom-
mended because viral precipitation and/or inactivation could occur. Freeze/
thawing of concentrated virus stocks more than three times is not recom-
mended because loss in infectious viral titer can result (M. Bowe and S.
Forestell, personal communication). Therefore, virus should be stored in
small aliquots. We find that aliquots of 50 and 200 pL are useful for mouse
studies.

Concentrated adenovirus stocks should appear milky and translucent. No
aggregated particles or precipitate should be visible.

The diluted virus, when kept on ice, is stable for at least 4 h. An aliquot of
the diluted virus may be tested to confirm vector particle titer and/or in vitro
to confirm biological activity.

Animals are ready to be injected when they are lying quietly in the cage.
Frequent observation during warming is needed to prevent overheating an-
imals, which is recognized by wet hair predominantly on the face and head.

. The recommended dose volume for iv administration is 10 mL/kg. Dose

volumes are adjusted on an individual animal body-weight basis to achieve
the desired vector dose (particles/kg). For example, to achieve a dose of 3
X 1012 particles/kg in a 23 g mouse, 0.23 mL of a 3 X 10!! particle/mL
vector solution is injected (see Table 1).

Ensure that the needle is in the vein, rather than subcutaneous in the tail, by
injecting a small portion of the vector mixture, and carefully looking for
liquid accumulation in the tail. Stop immediately in the event pressure is
felt upon injection, the formation of a bleb, or other sign of leakage is noted.
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A second attempt may be required at another site, above the first site, or in
a different vein.

. Peak transgene expression occurs 4 d to 2 wk following vector administra-
tion. A 1-wk time-point is recommended to assess liver-transduction effi-
ciency and transgene-expression levels.

. The B-gal immunohistochemical procedure described here is a qualitative
assessment of liver-transduction and transgene-expression efficiency. To
more accurately quantitate [3-gal expression in the mouse livers, the Glacto-
Light-Plus chemiluminescent assay (Tropix, Inc., Foster City, CA) can be
used as described (44). Assays designed to assess more quantitatively liver-
transduction efficiency that do not measure transgene expression include
direct quantitation of the vector DNA content in the liver, using Southern
analysis (Fig. 2B; [49]), or quantitative polymerase chain reaction (PCR)
of genomic DNA directed at viral sequences (25,44).

. Using Southern analysis, a vector dose of 1.5 X 1013 vector particles/kg re-
sults in approx 10-20 vector copies per cell (Fig. 2B), whereas a five-fold
lower vector dose displays 5—7 vector copies per cell (46). To prepare the
vector copy-number control standards, the amount of adenoviral DNA
equivalent to one vector copy per cell of mouse liver genomic DNA is cal-
culated as follows. The mouse genome size is approx 6 X 10° bps, whereas
the adenoviral genome is 3.6 X 104 bp. Therefore, a ratio of the mouse
genome size to the adenovirus genome size indicates that 1.67 X 105 less
adenoviral DNA is required in order to be equivalent to that in a mouse cell.
If 10 pg of mouse genomic DNA is used per sample, then 10,000 ng/1.67
X 105 equals 0.0598 ng or 60 pg of DNA. Therefore, one vector copy per
cell in 10 pg of genomic DNA is equivalent to 60 pg of adenoviral DNA.
A similar calculation can be performed if plasmid DNA is used as the copy-
number control, by recalculating the ratio of genome size.
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Delivery of DNA to Lung Airway Epithelium

Daniel ). Weiss

1. Introduction

Delivering exogenous DNA or genes directly to the lung airways offers a
unique and appealing opportunity for specifically targeting gene expression to
airway and alveolar epithelium. A large body of literature and experience sup-
ports the feasibility of this approach. However, airway-directed gene delivery is
not as simple as was originally anticipated. The lung has evolved both physical
and immunologic barriers that can hinder effective transduction of epithelial cells
(1-3). Much current work in lung gene therapy is directed toward overcoming the
inflammatory and immune responses provoked by gene-transfer vectors while si-
multaneously maximizing vector delivery and subsequent gene expression.

Despite these obstacles, successful gene delivery and expression can be ac-
complished in lung airways. Of currently available viral and nonviral vectors, re-
combinant adenovirus is the most effective at transducing airway and alveolar ep-
ithelium in vivo (4). A variety of recombinant adenovirus vectors have been
created with deletions of different endogenous viral-coding regions, including
deletion of all viral sequences, i.e., high-capacity vectors. Moreover, adenovirus
vectors can be modified by modifying knob and fiber sequences to express differ-
ent binding determinants as well as by coating the entire adenovirus surface with
nonantigenic molecules such as polyethylene glycol (PEG). These surface-mod-
ified vectors may interact with different determinants on epithelial cell surfaces
and thus be more or less effective for transducing epithelium than unmodified
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vectors. However, for the purpose of this chapter, general delivery techniques and
approaches will be considered similar for all varieties of adenovirus vectors.
Successful transduction of airway epithelium is in large part dependent on
having a method that provides adequate access of vector to the airways. There
are several techniques currently utilized, as summarized in Table 1. As noted,

Table 1
General Methods for Adenovirus Vector Delivery to Airway and
Alveolar Epithelium

A. Nasal application Advantages
Deposition of droplets Technically easy
on animal’s nares Only brief anesthesia required
Nasal cannulation and Disadvantages
instillation Only works well in obligate nose breathers (i.e., rodents)

Poor control of how much vector actually reaches the
lower airways
B. Direct intratracheal ~ Advantages

instillation Direct delivery of vector to trachea and lower airways
Transtracheal puncture Bypasses upper airway clearance and defense
Tracheal cannulation mechanisms

Bronchoscopy Can target specific regions (lobes or subsegments) in

lung, particularly with bronchoscopy

Disadvantages

Heterogenous distribution of vector in lung if instillation
is directed to the trachea

Limited vector distribution if a specific region is targeted

Multiple instillations are required to achieve wide
distribution

Predominantly targets larger, proximal conducting
airways

Requires moderate to heavy anesthesia

C. Inhalation of Advantages
aerosolized vector More uniform distribution of vector throughout the lung

Can target more distal airway and alveolar epithelium
depending on aerosol particle size

Anesthesia not necessarily required

Disadvantages

Only a small percent of the vector reaches the lower
airways

Much of the vector is deposited on the surface of the
aerosolization device, in the oropharynx, and in the
trachea
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each method has advantages and disadvantages and use must be tailored towards
the specific goal for which gene delivery is being performed. Additionally, there
are several adjunct methods that have been described to improve adenovirus vec-
tor delivery and effectiveness of epithelial transduction including use of surfac-
tant, perfluorochemical liquid, EGTA, CaPO,, and detergent (5-13). These tech-
niques enhance gene expression and have been easy to utilize in animal models.
Use of adjunct approaches is promising but as yet untried for improving attempts
at clinical lung gene therapy.

The approaches described below provide detailed methods for the various
techniques and should allow investigators to successfully transduce airway and
alveolar epithelium.

2. Materials
2.1. Adenovirus Vector

1. Recombinant adenovirus vectors can be obtained from a variety of sources
including National Institutes of Health (NIH)-sponsored Vector Core Labs
at the Universities of Pennsylvania, Florida, Pittsburgh, and North Carolina,
among others. Vectors may also be obtained from several commercial
sources including Genzyme Inc. (Framingham MA) and InvivoGen (San
Diego, CA).

2. Store vectors at —70°C and thaw just prior to use. It is best to store virus
stocks in small aliquots because repeated freeze thaws will inactivate the
virus. Prolonged storage at —70°C can also result in loss of activity and
many investigators replenish virus stocks after 3—6 mo (see Notes 1 and 2).

3. Virus storage media includes salt solutions (i.e., normal saline, phosphate-
buffered saline [PBS], or Tris-based buffers) or salt solutions containing
cryogenic preserving agents such as glycerol, sucrose, or glucose (see Notes
3 and 4).

4. Virus is generally diluted in normal saline or PBS for instillation into air-
ways. Administration of at least 107-1010 plaque-forming units (PFUs) (ap-
prox 108-1011 virus particles) is generally required to detect gene expres-
sion in lung. The total volume administered depends on the animal being
utilized and is discussed further in Subheading 3.

2.2. Anesthetic Agents

Animals are anesthetized using agents appropriate for the species and in ac-
cordance with institutional TACUC/IRB policies. The goal of anesthesia is ad-
equate sedation and pain control with maintenance of spontaneous breathing
and ability to keep the airways patent.

Choice of anesthetic agent depends on the method of accessing the airway.
For nasal deposition of vectors in rodents, short-acting inhalational agents such
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as halothane and isoflurane are commonly used. Insertion of a catheter or bron-
choscope into airways generally requires longer-lasting anesthesia utilizing
combinations of agents appropriate for each species. Inhalation of aerosolized
vector can be done either without anesthetics, for example, rodent total body or
nose-only exposure chambers, or with anesthesia when administering aerosol-
ized vector by facemask to nonhuman primates. Representative anesthetic and
analgesic agents are listed in Table 2.

2.3. Adjunct Agents

Several adjunct agents have been utilized for delivering vectors to lung air-
ways. The rationale and technique for use of each agent is discussed in the meth-
ods section.

1. Perfluorochemical liquids: perfluorooctylbromide (perflubron, LiquiVentR,
Alliance Pharmaceuticals, San Diego, CA), FC-75 (ACROS Organics, St.
Louis, MO), perfluorodecalin (ACROS Organics) (8,9,17-19).

2. Surfactants: Survanta (Ross Laboratories, Columbus, OH), ExosurfR (Bur-
roughs Wellcome, Research Triangle Park, NC) (5-7).

3. EGTA (ethylene glycol-bis-B-amino-ethyl ether)-N,N,N’,N’-tetraacetic
acid, Sigma) (10,11).

4. Cay(PO,), (Sigma) (12).

5. Detergent: polidocanol (Sigma) (13).

2.4. Other Materials

Several other types of equipment can be utilized for delivery of genes to the
lung airways. A brief (nonexhaustive) listing includes:

Angiocatheters (Deseret Medical Inc., Sandy, UT).

Endotracheal tubes (Mallinckrodt, St. Louis, MO).

Bronchoscopes (Olympus, Melville, NY; Pentax, Orangeburg, NY).

Face mask devices (Hudson Respiratory Care, Inc., Temecula, CA).
Nebulizers (OPTINEB, Air Liquide, Paris, France; MiniHEART, Vortran,
Sacramento, CA; PB Raindrop, Puritan—Bennett Corp., Carlsbad, CA).

RARE Rl e

3. Methods
3.1. Nasal Application

Rodents are obligate nose breathers, thus a substantial proportion of material
(i.e., vector solution) deposited on or in the nares will be inhaled and can be de-
posited in both upper and lower airways. This can be a convenient and nonin-
vasive way of administering vector. If done carefully, reproducibility between
animals is generally good.



Table 2
Representative Anesthetic and Analgesic Agents
Duration
Agents Species Dose? Routeab of effectc
Inhalation agents
Halothane (Halothane, Halocarbon Labs) Rodent To effect Inhaled 30-60 s
Isoflurane (IsoFLo, Abbott Laboratories) Rodent To effect Inhaled 30-60 s
Injectable agents
Buprenophine (Buprenex, Reckitt and Colman Products) Rodent, rabbit,
dog, primate ~ 0.01-0.1 mg/kg im/ip/sc/iv. 3-12h
Ketamine (Ketajet, Phoenix Pharm Inc.) Rodent, rabbit 20-50 mg/kg im/iv 30-45 min
Primate 5-45 mg/kg im/iv 30-45 min
Tiletimine/Zolazepam (Telazol, Fort Dodge Animal Health) Mouse 100-160 mg/kg  im/ip 30-45 min
Rabbit 20-40 mg/kg im/ip 30-45 min
Primate 8 mg/kg im 30-45 min
Tribromoethanol 25% solution (Avertin, Aldrich) Rodents 1.25-2.5 mg/kg im/ip 30-60 min
Dog 400-600 mg/kg  iv 30-60 min
Xylazine (Xyla-ject, Phoenix Pharm Inc.) Rodent, rabbit 4-8 mg/kg im/ip 30-60 min
Primate 1-2 mg/kg im 30-60 min

aDosing and route of administration should be reviewed with the local veterinarian and IACUC/IRB.
bim, intramuscular; ip, intraperitoneal; sc, subcutaneous; iv, intravenous.

cDuration of effects are approximate.
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1. Place a small bell jar or similar glass chamber in a fume hood or other well-
ventilated area.

2. Saturate a small piece of gauze or paper towel with an inhalational anes-
thetic agent (i.e., halothane or isoflurane) and place it into the jar. Place an-
other layer of gauze or paper over this to prevent direct contact of the ani-
mal with the anesthetic (see Note 5).

3. Place the animal in the jar and observe it until it stops moving. This should
take no more than 10-20 s. Quickly remove the animal from the jar. Leav-
ing the animal in the jar for too long can result in excess anesthesia expo-
sure and death from respiratory arrest.

4. Using a pipetting device, deposit small aliquots of the virus solution (5-10
pL) directly on the nares. As the animal inhales each aliquot, immediately
place another aliquot on the nares. Alternatively, inject the virus solution
directly into the nares. The total volume administered should generally not
exceed 50-100 pL for mice and 100-200 pL for rats. If the animal begins
to wake during the procedure, briefly place it back in the anesthesia cham-
ber (see Note 6).

3.2. Transtracheal Puncture

This is a brief and simple operative procedure, used most frequently in ro-
dents, that quickly and easily provides direct access to the trachea (8).

1. Place and secure anesthetized animals in supine position on a suitable op-
erating surface. Provide adequate warmth with use of heated operating sur-
face or overhead lamp. Apply petroleum jelly, boric acid ointment, or other
suitable protective agent to the eyes.

2. Pull back the head to extend and expose the ventral surface of the neck.
Shave the hair and clean with alcohol or iodine solution (see Note 7).

3. Using a sterile scalpel blade, make a shallow vertical incision into the skin
on the ventral surface of the neck.

4. Using sterile forceps or hemostats, gently separate the subcutaneous fat and
soft tissue overlying the trachea. Gently separate the strap muscles over the
trachea to expose the trachea.

5. Puncture the trachea just below the larynx with a small gauge syringe (in-
sulin syringe or 25-30 G 1/2-in needle) and instill the vector-containing
solution directly into the trachea. Suggested total instillate volumes are
50-100 pL for mice and 100-200 pL for rats. Larger amounts can be toler-
ated if necessary. Larger animals (rabbits, dogs, primates) can tolerate up to
several milliliters of fluid (see Note 8). The rate of instillation depends on
the total volume instilled and on the species. Larger animals (rabbits, dogs,
primates) generally tolerate more rapid instillation (i.e., squirting the vector
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in). In smaller animals (rats, mice) instill the total volume over 15-60 s (See
Note 8).

. Once the instillation is completed, suture the skin over the trachea and

allow the animal to recover from anesthesia. It is not necessary to suture the
underlying musculature or soft tissue in smaller animals.

Administer analgesic (e.g., buprenorphine) postoperatively according to in-
stitutional veterinary and institutional review board policies.

3.3. Direct Tracheal Cannulation

This brief and simple nonoperative procedure provides quick and easy direct

access to the trachea. Generally easy to perform in medium sized and large an-
imals, this approach can be technically challenging in smaller animals (i.e., ro-
dents).

L.

Place and secure anesthetized animals in supine position or with head
slightly elevated on a suitable operating surface. Provide adequate warmth
by use of heated operating surface or overhead lamp. Apply petroleum jelly,
boric acid ointment, or other suitable protective agent to the eyes.

. Using a closed curved hemostat, forceps, or retractor, gently pull down the

mandible until the vocal cords are visible. It can be helpful to backlight the
vocal cords by holding a light source up to the animal’s neck.

Insert a catheter through the vocal cords into the airway, positioning the in-
serted tip in the upper or middle portion of the trachea. Several different
materials can be used to catheterize the trachea, including plastic angio-
catheters, plastic or polypropylene tubing, or, in larger animals (rabbit, dog,
primate), an endotracheal tube. Note that several types of catheter materi-
als have been shown to inactivate adenovirus vector infectivity and should
be avoided (see Note 9). These include stainless steel, nitinol, and polycar-
bonate (14,15). In larger animals (rabbit, dog, primate), the catheter can be
directed into one of the mainstem bronchi if desired. This is technically
more difficult in rodents.

. Instill the vector solution directly through the catheter. Suggested total instil-

late volumes are 50—100 pL for mice and 100-200 puL for rats. Larger amounts
can be tolerated if necessary. Larger animals (rabbits, dogs, primates) can tol-
erate up to several milliliters of fluid (See Note 8). The rate of instillation de-
pends on total volume instilled and on the species. Larger animals generally
tolerate more rapid instillation (i.e., squirting the vector in). In smaller ani-
mals (rats, mice) instill the total volume over 15-60 s (see Note 8).

After instillation of the virus-containing solution, flush the catheter with a
small amount of virus vehicle or buffer to rinse any remaining virus.
Remove the catheter and allow the animal to recover from anesthesia.
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3.4. Bronchoscopy in Larger Animals

This approach is most commonly utilized in larger animals (dogs, sheep, pri-
mates) and has also been utilized in clinical trials of gene delivery to human
lung airways. A distinct advantage of bronchoscopy is the ability to visualize
the specific lung segment or subsegment into which vector is instilled.

1. Place anesthetized nonhuman primates in seated or semi-recumbent posi-
tion. Other animals can be in recumbent or supine position.

2. Monitor heart rate and blood pressure throughout the procedure. Monitor
oxygen saturation by continuous pulse oximetry. Entering a bronchoscope
into the airways can often result in significant desaturation (<90%) with
accompanying arrythmia. If so, supplemental oxygen should be adminis-
tered to maintain saturations greater than 90%.

3. Enter the bronchoscope through the nares or through the mouth and pass the
scope through the vocal cords into the airways. The bronchoscope can then
be positioned at any desired location in the airways (see Notes 10 and 11).

4. Administer the vector through the instillation port of the bronchoscope.
Vector should be diluted in a minimum volume of 1 mL; smaller volumes
can result in a significant portion of the vector solution not being effectively
expelled from the tip of the bronchoscope. After instillation, flush the bron-
choscope with 1-2 mL of virus vehicle, saline, or air to help expel any re-
maining vector solution.

5. Remove the bronchoscope and monitor the animal until it recovers from
anesthesia. Keep primates upright until they recover fully from anesthesia.

3.5. Adjunct Methods for Direct Intratracheal Instillation

These methods have been demonstrated to enhance lung gene expression in
both rodents and rabbits (transtracheal puncture, direct tracheal cannulation) as
well as in primates (bronchoscopy). Adjunct methods have not yet been utilized
in clinical trials of lung gene delivery.

3.5.1. Perfluorochemical Liquid

Several perfluorochemical (PFC) liquids, including FC-75 and perfluoro-
octylbromide (perflubron, LiquiVentR), have been successfully used to enhance
gene delivery and expression in airway and alveolar epithelial cells (8,9,17-19).
Perfluorodecalin has been used to augment delivery of antibiotics to lung but
has not yet been utilized for vector delivery (20). Other PFC liquids could also
be conceivably be used for vector delivery.

1. Oxygenate the PFC liquid by bubbling oxygen into it (1-2 L/min) for ap-
prox 2 min prior to use (8). The total amount of PFC liquid instilled de-
pends on the experimental goals. In general, 10-15 cc/kg body weight in
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rodents and approx 40 cc/kg body weight in primates will fill the entire
lung. Approximately 10-20 cc will fill a single lobe in medium-sized pri-
mates, i.e., macaques. One advantage of bronchoscopic administration of
PFC liquid is that the PFC liquid fluid meniscus can be directly visualized
(see Note 12).

Draw the PFC liquid into a separate syringe from that used for the vector.
Glass or polypropylene is preferable because PFC liquids may dissolve
other materials. PFC liquids are immiscible with aqueous solutions and
therefore will not mix with the vector solution.

. Immediately after instilling the vector (see Subheadings 3.2., 3.3., and

3.4.), administer the PFC liquid through the same route (transtracheal punc-
ture site, tracheal cannula, or bronchoscope) utilized for the vector solution.

a. In smaller animals, administer a small test dose of approx 50 pL at first
and observe the animal’s breathing pattern. If breathing regularly, ad-
minister the rest of the dose as a continuous moderate rate or bolus in-
fusion (250-500 pL over 1-2 min). Too rapid an instillation can result
in respiratory arrest (See Notes 13 and 14).

b. Administer larger doses initially in the larger animals, for example
20-30 cc in primates. These doses can be administered more rapidly
(i.e., over 5-10 s) than in smaller animals. Once the test dose has been
evaluated, instill the remainder of the PFC liquid by bolus or continuous
instillation.

Provide supplemental oxygen during the instillation and anesthesia recov-
ery periods. In rodents, deliver oxygen (5-10 L/min) through a cannula di-
rected towards the animal’s nares. In primates, utilize a face mask or face
cone (1-2 L/min) (see Note 15).

3.5.2. Surfactant

Several studies have documented enhanced adenovirus vector delivery and

expression in rodent airway and alveolar epithelium when vector was mixed
with the synthetic surfactant Survanta (either 10 or 25 mg/mL solutions [5,6] or
a 50% solution [7,21]).

1.

Mix the vector with the surfactant solution just prior to instillation.

2. Instill the mixture directly into the lung using any of the above routes (see

Subheadings 3.1.-3.4.). Use a total volume of 2—4 cc/kg body weight of
vector-surfactant solution (5,7,21) (see Note 16).

3.5.3. Other Substances: EGTA, CaPO,, Detergent

Several studies have documented enhanced adenovirus vector mediated ex-

pression in airway epithelium when vector was mixed with EGTA (10,11) or
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with calcium phosphate (12). EGTA probably enhances delivery by opening
tight junctions between epithelial cells, allowing enhanced access of vector to
binding sites on basolateral membranes of epithelial cells. Calcium phosphate
may increase nonspecific uptake of the vector-CaPO, precipitate at the apical
surface of airway epithelium. Additionally, pretreatment with the detergent poli-
docanol has been shown to increase adenovirus-mediated gene expression in
nasal epithelium (13). As with EGTA, application of polidocanol is thought to
increase tight junction permeability between epithelial cells. This approach has
not yet been utilized in the lower airways. Use these compounds in conjunction
with any of the methods described above (See Subheadings 3.1.-3.4.).

1. EGTA: Dilute vector into 10—-12 mM EGTA in hypotonic buffer (10 mM
HEPES, osmolality 40 mmol/kg) and instill into the lungs using any of the
aforementioned methods.

2. Calcium phosphate: Dilute vector to the desired concentration and volume
in Eagle’s Minimal Essential Media (Sigma), which contains 1.8 mM Ca+2
and 0.86 mM PO,~. Add CaCl, until the final Ca*2 concentration is 12 mM
(see Note 17). Mix the solution by gentle agitation, incubate at room tem-
perature for 30 min, and then directly administer to the nares or lung using
any of the aforementioned methods.

3. Polidocanol: Apply 0.1% polidocanol in PBS to the nasal epithelium for 1
h. Rinse away the solution and apply vector.

3.6. Aerosol Administration

There is no standardized approach to nebulization of vector solutions and ad-
ministration of the resulting aerosol. A number of different methods and nebu-
lization devices have been described (11,23-26). A reasonable goal of the neb-
ulization equipment is to produce homogenously sized aerosol droplet particles.
Droplets with aerodynamic radii of 0.5-5 um will generally deposit in distal air-
way and alveolar spaces, whereas droplets with radii of 5-10 um will deposit
in medium-sized and larger airways (27). Larger droplets will tend to deposit in
the nares, mouth, or pharynx and are less likely to result in useful gene transfer
to lower airways. In addition to particle size, density, and hygroscopicity, other
factors, including mode of inhalation and depth and rate of breathing, influence
where droplets are deposited (27). Administration of aerosolized vector solu-
tions is inefficient, even with the most sophisticated currently available devices
and techniques. It is estimated that at best only 10-30% of aerosolized particles
reach the lower airways (27).

For small animals (rodents), whole body or nose-only exposure chambers can
be used (11,24). In these devices, the aerosol is pumped into the chamber and
the animals breathe it in freely. In general, nose-only exposure chambers are
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more confining and stressful to the animals and require either anesthesia or a
period of acclimation to the chamber prior to aerosol exposure. For larger ani-
mals and humans, aerosol can be delivered directly through a tracheal catheter
or through a face mask or mouthpiece device (19,26,27).

Two sample protocols for aerosolized vector administration are detailed
below.

1. Rodents (24): Place rodents in a plexiglass total body exposure chamber
(plexiglass box, 350 cm3). Place 5 mL of vector suspension (4 X 10°
PFU/mL in PBS) in the cup of a Puritan Bennett Raindrop nebulizer and
generate aerosol by running dry compressed air at 8—10 L/min through the
nebulizer. Pump the visible mist directly into the exposure chamber using
tubing running directly from the nebulizer to a hole in the chamber top.
Continue the exposure until the vector solution runs dry and no further vis-
ible mist is observed.

2. Primates (26): Anesthetize primates with ketamine or other suitable agent.
Place a snug-fitting veterinary mask with outflow ports to create an air-tight
seal around the muzzle. Block the nares with cotton and place a bite block
between the teeth. Place 10 mL of vector solution (1.5 X 10! PFU/mL in
PBS with 1% sucrose) in the cup of a MiniHeart nebulizer and generate
aerosol by running dry compressed air at 2 L/min through the nebulizer.
Pump the aerosol directly from the nebulizer to the face mask using 1 inch
diameter plastic tubing. Continue the exposure until the vector solution runs
dry and no further visible aerosol is observed.

3.7. Vector Delivery to Injured or Diseased Lung

All of the aforementioned techniques have been primarily explored in nor-
mal lung. There is less experience with delivery of adenovirus vectors to injured
or diseased lungs. In this setting, arguably the more relevant setting in which
clinical gene transfer will be attempted, additional barriers in the form of in-
creased mucins and inflammatory secretions, pulmonary edema, and altered air-
way anatomy can further impede delivery of vector to the epithelial cell surface
(28-30). Use of PFC liquid has been shown to enhance adenovirus-mediated
gene expression in models of acute and chronic lung injury (9,18). More re-
cently, use of surfactant has also been shown to enhance adenovirus-mediated
gene expression in acutely injured lung (31). There is need to further optimize
delivery techniques for injured lung.

4. Notes

1. Warming the adenovirus vector to 37°C for 30—40 min prior to instillation
has been demonstrated to improve gene expression in brain tissue (32). This
approach has not yet been tested for lung.
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. There is a variety of experience with the longevity of viable virus stored at

—70°C. In general, most virus samples are substantially inactivated after
approx 5 freeze-thaw cycles. The investigator is advised to check virus vi-
ability and titer by transducing a convenient cell line at periodic intervals.

. A decrease in the pH of the storage buffer to <8.0 can result in decreased

active virus titer, regardless of presence of glycerol or glucose (33). To
avoid this, Tris adjusted to pH 8.0 may be a better storage medium than ei-
ther saline or PBS. Moreover, exposure to dry ice, for example, shipping of
frozen virus samples, can result in decreased pH of the virus solution and
reduced activity. This can occur even if virus is in sealed cryovials. Placing
the cryovial in a heavy-duty plastic freezer bag (Kapak heavy duty sealable
bag, VWR, Atlanta, GA) with low permeability to CO, can reduce the
change in pH (33).

There is no particular advantage to either glycerol, sucrose, or glucose as a
cryopreservative. Commonly used solutions are 10-50% glycerol, and 10—
30% glucose or sucrose. However, if glycerol is used in the storage buffer,
it is important to dilute the virus stock such that the final glycerol concen-
tration is less than 5% and preferably less than 1% in the final solution to
be administered to the lung. Higher glycerol concentrations can cause sig-
nificant coating of airway and alveolar surfaces resulting in respiratory dis-
tress and death, particularly in smaller animals (rodents).

. Avoid getting the animals fur or skin wet with the anesthetic agent. This

can result in overexposure and respiratory arrest.

Rodents can be exposed to anesthesia multiple times in order to complete
nasal vector application. However, the fewer the exposures the less chance
of inadvertent anesthesia-related toxicity or respiratory arrest.

. A convenient method of securing a rodent’s head in an extended position is

to use a rubber band hooked on the animals incisors. Do not overextend the
neck as this will cut off airflow through the trachea. Using rubber bands to
secure the limbs in an extended position to the operating surface will also
help expose the neck.

. Too rapid instillation or bolus instillation of too large a volume can cause

respiratory arrest. This can often be transient and the animal will sponta-
neously recover after several seconds. Occasionally gentle chest compres-
sions will stimulate resumption of respiratory efforts.

. Flushing the catheter and syringe tips with albumin (1% bovine serum al-

bumin [BSA] or 5% human serum albumin) prior to vector instillation or,
alternatively, adding albumin (0.1% BSA) to the vector solution has been
demonstrated to reduce inactivation of virus resulting from exposure to
catheter materials (14).

Always use a bite-block if the bronchoscope is entered through the mouth.
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11.

12.

13.

14.

15.

16.

17.

A spray device can be used in conjunction with bronchoscopy (16). Pass
the device through the instillation port of the bronchoscope and position it
at the main carina or in one of the mainstem bronchi. Instill the vector
through the spray device.

An advantage to using perfluorooctylbromide (perflubron, LiquiVentR) is
that it is radio-opaque. This allows direct radiographic visualization (chest
X-rays) of lung filling with the PFC liquid.

Smaller animals are especially prone to transient respiratory arrest with too
large an initial PFC volume or with too rapid an initial instillation. The res-
piratory arrest is usually transient and respiratory rates and efforts recover
after several seconds.

A visible increase in respiratory excursions and occasionally respiratory
rate will be observed after PFC liquid instillation. This reflects alteration in
lung mechanics resulting from change of a gas-filled to fluid-filled lung.
Breathing pattern will return to normal over several hours as the PFC lig-
uid evaporates and is exhaled.

Smaller animals (rodents) are particularly sensitive to hypothermia and hy-
poxemia during the PFC liquid instillation period and during the anesthe-
sia recovery period. During anesthesia recovery, place animals in a covered
cage which is warmed by heat lamps and oxygenated (5-10 L/min) through
a cannula directed towards the animals’ nares.

As change in body position during surfactant administration helps to dis-
tribute the surfactant throughout the lungs (22), a more detailed approach
has been described in which the vector-surfactant solution is administered
with animals (rat) rotated in different positions (7,21). Divide the vector-
surfactant solution into four aliquots of 200-250 pL each. Place a small-
gauge angiocatheter into the upper part of the rat trachea. Circumferentially
compress the thorax to achieve a forced exhalation and instill one aliquot
of the vector-surfactant solution. Relax the compression and allow the ani-
mal to breathe. Rotate the animal 90° between instillation of each aliquot
and repeat at approx 5 min intervals (7,16).

Use a concentrated stock of CaCl,, for example, a 1 M stock solution, to
minimize change in volume of the final vector solution. Always add the
CaCl, last to maximize inclusion of the vector in the CaPO, precipitate.

References

1.

2.

Otake, K., Ennist, D. L., Harrod, K., and Trapnell, B. C. (1998) Nonspecific inflam-
mation inhibits adenovirus-mediated pulmonary gene transfer and expression inde-
pendent of specific acquired immune responses. Hum. Gene. Ther. 9, 2207-2222.
Look, D. C. and S. L. Brody (1999) Engineering viral vectors to subvert the airway
defense response. Am. J. Respir. Cell Mol. Biol. 20, 1103-1106.



66

10.

11.

12.

13.

14.

15.

16.

Weiss

. Bromberg, J. S., Debruyne, L. A., and Qin, L. (1998) Interactions between the im-

mune system and gene therapy vectors: Bidirectional regulation of response and ex-
pression. Adv. Immunol. 69, 353—409.

. Factor, P. (2001) Gene therapy for acute diseases. Mol. Ther. 4, 515-524.
. Jobe, A. H., Ueda, T., Whitsett, J. A., Trapnell, B. C., and Ikegami, M. (1996) Sur-

factant enhances adenovirus-mediated gene expression in rabbit lungs. Gene Ther.
3, 775-779.

. Katkin, J. P,, Husser, R. C., Langston, C., and Welty, S. E. (1997) Exogenous sur-

factant enhances the delivery of recombinant adenoviral vectors to the lung. Hum.
Gene. Ther. 8, 171-176.

. Factor, P,, Saldias, F., Ridge, K., Dumasius, V., Zabner, J. H., Jaffe, A., et al. (1998)

Augmentation of lung liquid clearance via adenovirus-mediated transfer of a Na,
K-ATPase betal subunity gene. J. Clin. Invest. 102, 1421-1430.

. Weiss, D. J., Strandjord, T. P., Jackson, J. C., Clark, J. G., and Liggitt, D. (1999)

Perfluorochemical liquid-enhanced adenoviral vector distribution and expression in
lungs of spontaneously breathing rodents. Exp. Lung Res. 25, 317-333.

. Weiss, D. J., Strandjord, T. P., Liggitt, D., and Clark, J. G. (1999) Perflubron en-

hances adenoviral-mediated gene expression in lungs of transgenic mice with
chronic alveolar filling. Hum. Gene. Ther. 10, 2287-2293.

Wang, G., Zabner, J., Deering, C., Launspach, J. Shao, J., Bodner, M., Jolly, D. J.
et al. (2000) Increasing epithelial junction permeability enhances gene transfer to
airway epithelia in vivo. Am. J. Respir. Cell Mol. Biol. 22, 129-138.

Chu, Q., St. George, J. A., Lukason, M., Cheng, S. H., Scheule, R. K., and East-
man, S. J. (2001) EGTA enhancement of adenovirus-mediated gene transfer to
mouse tracheal epithelium in vivo. Hum. Gene. Ther. 12, 455-467.

Fasbender, A., Lee, J. H., Walters, R. W., Moninger, T. O., Zabner, J., and Welsh,
M. J. (1998) Incorporation of adenovirus in calcium phosphate precipitates en-
hances gene transfer to airway epithelia in vitro and in vivo. J. Clin. Invest. 102,
184-193.

Parsons, D. W., Grubb, B. R., Johnson, L. G., and Boucher, R. C. (1998) Enhanced
in vivo airway gene transfer via transient modification of host barrier properties
with a surface-active agent. Hum. Gene. Ther. 9, 2661-2672.

Marshall, D. J, Palasis, M., Lepore, J. J., and Leiden, J. M. (2000) Biocompatability
of cardiovascular gene delivery catheters with adenovirus vectors: an important de-
terminant of the efficiency of cardiovascular gene transfer. Mol. Ther. 1, 423-429.
Tsui, L. V., Zayek, N., Frey, D., Mello, C., Banik, G., Falotico, R., and McArthur,
J. G. (2001) Stability of adenoviral vectors following catheter delivery. Mol. Ther.
3,122-125.

Harvey, B. G., Leopold, P. L., Hackett, N. R., Grasso, T. M., Williams, P. M.,
Tucker, A. L., et al. (1999) Airway epithelial CFTR mRNA expression in cystic fi-
brosis patients after repetitive administration of a recombinant adenovirus. J. Clin.
Invest. 104, 1165-1166.



DNA Delivery to Lung Airway Epithelium 67

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Lisby, D. A., Ballard, P. L., Fox, W. W., Wolfson, M. R., Shaffer, T. H., and Gon-
zales, L. W. (1997) Enhanced distribution of adenovirus-mediated gene transfer to
lung parenchyma by perfluorochemical liquid. Hum. Gene. Ther. 8, 919-928.
Weiss, D. J., Bonneau, L., and Liggitt, D. (2001) Use of perfluorochemical liquid
allows earlier detection and use of less adenovirus vector for gene expression in
normal lung and enhances gene expression in acutely injured lung. Mol. Ther. 3,
734-745.

Weiss, D. J., Baskin, G. B., Shean, M. K., Blanchard, J. L., and Kolls, J. K. (2002)
Use of perflubron to enhance lung gene expression: safety and initial efficacy stud-
ies in non-human primates. Mol. Ther. 5, 8-15.

Franz, A. R., Rohlke, W., Franke, R. P., Ebsen, M., Pohlandt, F., and Hummler, H.
D. (2001) Pulmonary administration of perfluorodecaline-gentamycin and perfluo-
rodecaline-vancomycin emulsions (2001). Am. J. Resp. Crit. Care Med. 164, 1595-
1600.

Weiss, D. J., Mutlu, G. M., Bonneau, L., Mendez, M., Wang, Y., Dumasius, V., and
Factor, P. (2002) Comparison of surfactant and perfluorochemical liquid enhanced
adenovirus-mediated gene transfer in normal rat lung. Mol. Ther. 6, 43-49.
Spragg, R. G. (2001) Surfactant replacement therapy. Clin. Chest Med. 21, 531-541.
Sene, C., Bout, A., Imler, J. L., Schultz, H., Willemot, J. M., Hennebel, V., et al.
(1995) Aerosol-mediated delivery of recombinant adenovirus to the airways of non-
human primates. Hum. Gene. Ther. 6, 1587-1593.

Katkin, J. P.,, Gilbert, B. E., Langston, C., French, K., and Beaudet, A. L. (1995)
Aerosol delivery of B-galactosidase adenoviral vector to the lungs of rodents. Hum.
Gene. Ther. 6, 985-995.

Bellon, G., Michel-Calemard, L., Thouvenot, D., Jagneaux, V., Poitevin, F., et al.
(1997) Aerosol administration of a recombinant adenovirus expressing CFTR to
cystic fibrosis patients: a phase I clinical trial. Hum. Gene. Ther. 8, 15-25.
McDonald, R. J., Lukason, M. J., Raabe, O. G., Canfield, D. R., Burr, E. A., et al.
(1997) Safety of airway gene transfer with Ad2/CFTR2: aerosol administration in
the nonhuman primate. Hum.Gene.Ther. 8,411-422.

Muir, D. E. C. (1991) Particle deposition, in The Lung: Scientific Foundations
(Crystal, R.G., ed.), Raven Press Ltd., New York, NY, pp. 1839-1843.

van Heeckeren, A., Ferkol, T., and Tosi, M. (1998) Effects of bronchopulmonary
inflammation induced by pseudomonas aeruginosa on adenovirus-mediated gene
transfer to airway epithelial cells in mice. Gene Ther. 5, 345-351.

Stern, M., Caplen, N. J., Browning, J. E., Griesenbach, U., Sorgi, F., Huang, L., et
al. (1998) The effect of mucolytic agents on gene transfer across a CF sputum bar-
rier in vitro. Gene Ther. 5, 91-98.

Kitson, C., Angel, B., Judd, D., Rothery, S., Severs, N. J., Dewar, A., et al. (1998)
The extra-and intracellular barriers to lipid and adenovirus-mediated pulmonary
gene transfer in native sheep airway epithelium. Gene Ther. 6, 534-546.

Factor, P., Mendez, M., Mutlu, G. M., and Dumasius, V. (2002) Acute hyperoxic
lung injury does not impede adenovirual-mediated alveolar gene transfer. Am. J.
Resp. Crit. Care Med. 165, 521-526.



68 Weiss

32. Kossila M., Jauhianen, S., Laukkanen, M. O., Lehtolainen, P., Jaaskelainen, M., Tu-
runen, P., et al. (2002) Improvement in adenoviral gene transfer efficiency after pre-
incubation at 37°C in vitro and in vivo. Mol. Ther. 5, 87-93.

33. Nyberg-Hoffman, C. and Aguilar-Cordova, E. (1999) Instability of adenoviral vec-
tors during transport and its implication for clinical studies. Nature Med. 5, 955—
957.



6

Delivery of DNA to Pulmonary Endothelium
Using Adenoviral Vectors

Paul N. Reynolds

1. Introduction

Delivery of genes to the pulmonary vascular endothelium is a rational ap-
proach for the investigation and potential therapy of pulmonary vascular dis-
eases. Furthermore, in view of the exposure of this vascular bed to the entire
cardiac output, this technique could be used as an efficient basis to achieve sys-
temic delivery of secreted factors. The attraction of direct gene delivery to en-
dothelium for the therapy of vascular disease has been especially heightened in
the last couple of years in view of the new discoveries concerning the genetic
basis of primary pulmonary hypertension (PPH) (1). In brief, mutations in the
bone morphogenetic protein receptor type 2 (BMPR2, a member of the trans-
forming growth factor-f [TGF-B] family of receptors) gene have been found in
many patients with familial PPH. Subsequent in vitro studies have confirmed an
association between BMPR2 mutations and abnormal proliferative responses in
pulmonary endothelial and smooth-muscle cells (2). Other TGF-f signaling
pathways may also be involved in this process, and the mechanisms involved
may also have relevance for the more common cases of pulmonary vascular dis-
ease secondarily associated with chronic airways obstruction, connective tissue
diseases, and perhaps HIV infection. Additionally, new evidence is emerging
concerning the role of the vasculature in the pathogenesis of emphysema. Vas-
cular endothelial growth factor (VEGF) and its receptors appear to be key for
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the maintenance of normal alveolar architecture: VEGF receptor inhibition
causes emphysema in rats, and both VEGF and its receptor levels are reduced
in the lungs of patients with emphysema (3,4). Aside from vascular disease per
se, the pulmonary bed is frequently the site of metastatic spread of malignancy,
and once this occurs conventional therapy options are most often inadequate.
Thus, pulmonary vascular targeting could also be envisaged as an approach for
metastatic disease, at least in a locoregional context.

From a practical delivery standpoint, the pulmonary vasculature is an attrac-
tive target owing to a “first-pass” effect; it is the first major vascular bed seen
by substances injected into the peripheral venous system. As discussed in Vol-
ume 1, many nonviral vector formulations have a natural propensity to localize
to the pulmonary vasculature after systemic injection, and some of this effect
may be on a first-pass/aggregation basis. Nevertheless, subsequent studies have
shown that there is a degree of specificity to the pulmonary localization of some
of these agents, because substantial accumulation in lung vessels is seen even
after peripheral artery injection (5). The receptors involved in this phenomenon
are yet to be characterized. Despite the pulmonary localization of cationic
lipids, however, the actual level of transduction of endothelium remains ineffi-
cient, likely owing to endosomal degradation of DNA, which is a frequent lim-
itation with nonviral vectors. Thus, in view of the greater endosomal escape
properties of adenoviral vectors, the development of these agents for endothe-
lial gene delivery is rational. Direct comparisons between adenoviral and non-
viral systems have been limited, but in one such study, using pulmonary artery
catheters in rats, adenovirus was approx 100-fold more efficient than liposomes
for the delivery of the B-galactosidase ([3-gal) reporter gene (6).

Although adenovirus may be delivered via catheter and brief occlusion to
segments of the pulmonary vascular bed, such an approach is not practical for
widespread pulmonary vascular gene delivery. Ideally, the vector agent should
be injectable into a peripheral vein, and then specifically target the pulmonary
endothelium. However, systemic administration of adenovirus in this way re-
sults in the vast majority of vector being taken up by the liver—most by Kupf-
fer cells and degraded (a saturable phenomenon) (7) and the bulk of the re-
mainder by hepatocytes, with very little transduction occurring in pulmonary
vasculature. Thus, the development of specifically targeted Ad vectors is re-
quired. We have worked toward the development of such an approach, and have
found that both transductional and transcriptional targeting is required for opti-
mal specificity.

1.1. Transductional Targeting

Enhancement of pulmonary endothelial cell infection with a systemically
administered Ad vector requires a strategy to improve the binding of Ad to the
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target cells. In general, Ad vector targeting has been approached using a vari-
ety of bi-specific adapter molecules, or by direct genetic modification of the Ad
capsid proteins. Molecular adapters may be derived entirely by recombinant
techniques, using either anti-Ad single-chain antibodies or soluble Ad receptor
(i.e., coxsackievirus and adenovirus receptor [CAR]) to attach the adapter to
the virus, linked to a variety of recombinant ligands or single-chain antibodies
to bind to the target cell. Despite the apparent technical elegance of recombi-
nant adapters or genetic capsid modification, however, none of these ap-
proaches have achieved targeting fidelity in vivo. In fact, the only approach
shown to have a degree of targeting fidelity in this setting is the use of a bi-
specific, chemically cross-linked, antibody conjugate. This targeting adapter
was constructed using the Fab fragment of an anti-Ad antibody to an antibody
with established pulmonary vascular targeting capabilities (an antibody, MAb
9B9, against angiotensin-converting enzyme [ACE]) (8,9) (Fig. 1). Thus, in
keeping with the practical nature of the current discussion, this is the approach
that is expanded on here.

In the last 5-6 yr there have been many publications describing antibody-
based Ad targeting approaches. In addition to ACE targeting, these conjugates
have achieved targeting to a range of cellular targets including tumor markers
such as epidermal growth factor receptor (EGFR) (10), ErbB2, CC49 (11), and
EpCAM (12). Targeting has also been achieved to dendritic cells (DCs) via
CD40 (13). In each of these cases, attachment to adenovirus was achieved using
a monoclonal antibody (MADb) directed against the knob domain of Ad serotype
5. The rationale for choosing an antibody against the knob domain was based
on the knowledge that it is this region that binds to the primary Ad receptor,
CAR (14,15). Thus, the concept is to simultaneously ablate the native tropism
for CAR while imparting new tropism via the cell-binding antibody. Curiel and
co-workers developed such an antibody by immunizing mice with recombinant
Ad5 fiber and boosting with recombinant knob. The development of MAbs is
beyond the current discussion, but, in essence, a panel of antibodies was gener-
ated and screened for neurtralizing ability against adenoviral infection. As a re-
sult of this process, an antibody identified as 1D6.14 was characterized and
taken forward into targeting studies (16).

1.2. Transcriptional Targeting

Despite the improvements in pulmonary vascular gene delivery seen with the
transductional targeting approach, it was clear that the vast majority of vector
particles were still being taken up by the liver (as determined by quantitative
real-time polymerase chain reaction [PCR] of viral DNA extracted from organs
90 min after injection (8), or more recently by observing the biodistribution of
radiolabeled virus, the latter unpublished observations). It is likely that Kupffer



72 Reynolds

/

MADb 9B9

///

Pulmonary Endothelial Cell

Fig. 1. Retargeting schema. The basic concept of using an adaptor to redirect Ad in-
fection from CAR to ACE is shown.

cells predominate in this, because we were able to show some reduction in he-
patocyte transduction. Even so, the residual level of transgene expression in he-
patocytes was clearly more than desirable. This finding raised concerns about
the stability of the bond between the conjugate and vector in the circulation in
vivo. However, it has since been shown that even genetic ablation of the regions
of Ad responsible for CAR recognition does not significantly reduce liver up-
take (17,18). Mutation of the integrin recognition sequence in the penton base
has given variable results (19). More recent data suggests liver uptake may also
in part be mediated by interactions between the virus and heparan sulfates (20).
Thus, as our conjugate approach only blocks CAR recognition, “background”
liver uptake could be occurring by these other means. Clearly, further modifi-
cations to the overall targeting approach are needed to fully ablate the natural
hepatic tropism of the vector. While these studies are being pursued, we felt it
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would be worthwhile to investigate the possible synergy that could be obtained
by combining transductional targeting with transcriptional targeting using an
endothelial-specific promoter. We focused our studies on an evaluation of the
promoter for the vascular endothelial growth factor receptor (VEGFR) type 1
(or flt-1) (21). Increasingly, other candidate endothelial-specific promoters are
being describe, for instance the promoter for pre-proendothelin-1 (22). Which-
ever promoter may be selected should of course have minimal activity in hepa-
tocytes.

A detailed description of the cloning steps involved in the construction of a
new recombinant Ad vector is beyond the scope of the current discussion. How-
ever, in recent years Ad vector construction has been greatly facilitated through
the approach of recombination in bacteria to first derive Ad genomes in a plas-
mid context, which can then be used to generate virus by simple plasmid trans-
fection into appropriate cell lines (23). Several commercial kits and plasmids
are now available that even further facilitate this approach. Thus, the cloning of
endothelial-specific promoters to drive the transgene of choice in an Ad vector
is a relatively straightforward procedure. Problems may arise however, because
certain promoters can substantially lose their specificity when placed in an Ad
genome, thus the exercise is not entirely trivial. Fortunately, the fit-1 promoter
was found to retain good endothelial specificity in this setting. For candidate
promoters that do not perform so well, flanking the expression cassette with in-
sulating sequences may help (24).

Once the flt-1 promoter-Ads were constructed, they were combined with
Fab-9B9 and injected into rats as before. We found that there was no diminu-
tion in the level of transgene expression in pulmonary vasculature compared to
the earlier studies where we had used the strong but nonspecific cytomegalo-
virus (CMV) promoter. Conversely, there was a 10,000-fold drop in hepatocyte
transgene expression, thus the overall selectivity ratio of lung vs liver improved
by at least 300,000-fold compared to an entirely untargeted system. At high vec-
tor doses (likely levels that saturate the phagocytosis of vector by Kupffer cells),
we were able to achieve 200-fold more transgene expression in the lung (per mg
protein) compared to the liver. We believe that the proof-of principle of the dual-
targeting approach not only has relevance for pulmonary vasculature, but the
concept could be extended to other cell targets where complementary cell lig-
ands and promoters have been described.

1.3. Other Approaches

Another infection-enhancing strategy that has achieved a degree of utility in
vivo is the combination of Ad with nonviral vectors (25). The preparation of
nonviral vectors per se is described elsewhere. For reasons that are not entirely
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clear, it has been shown that pre-injection of liposomes via peripheral vein en-
hance Ad vector transduction of the lungs provided the Ad injection is given at
least 5 min after the lipid. This does not seem to be an aggregation issue, be-
cause simple mixing of the reagents and co-injection actually reduces trans-
duction. Further work is required to ascertain the mechanisms involved, al-
though this approach could be a useful means to an end in certain settings.

1.4. Conclusion

In summary, the technique discussed here has been able to establish some
basic concepts (and limitations) concerning the systemic vascular targeting of
Ad vectors, both generally and for the pulmonary endothelium specifically. In
the current form, the antibody conjugates are rather crude and further opti-
mizations can be considered. Efforts to generate a single-chain antibody from
the 9B9 hybridoma are currently underway, with a view to developing a re-
combinant targeting adapter. Future efforts with genetically modified vectors
may ultimately allow the direct genetic incorporation of a single-chain antibody
into the Ad capsid, thus enabling the development of a single component sys-
tem that may be more amenable to clinical application. For best utility, these ap-
proaches could also be combined with strategies to reduce the inflammatory re-
sponses caused by Ad vectors (e.g., by using “helper dependent” or “gutless”
constructs).

2. Materials

1. Anti-knob MAb 1D6.14 is not commercially available but may be obtained
by contacting Dr. David T. Curiel, Director, Division of Human Gene Ther-
apy, University of Alabama, Birmingham, AL.

2. Anti-ACE MAD 9B9 is available from Mono-ACE (River Forest, IL). The
antibody we used for ACE targeting is the monoclonal 9B9, developed by
Sergei Danilov and colleagues (26) (see Note 1).

3. CHO-ACE cells (clone 2C2), from Mono-ACE. This cell line permits test-
ing ACE-targeting in vitro prior to in vivo assays. In other instances (i.e., for
targeting to endothelial markers other than ACE), cultured endothelial cells
such as human umbilical vein endothelial cells (HUVECs) might be used.

4. Purified human kidney ACE (Mono-ACE).

0.1 M carbonate buffer, pH 9.6.

6. Phosphate-buffered saline (PBS) and PBS-Tween (PBS with 0.5 mL/L
Tween-20).

7. AP-conjugated anti-mouse antibody (Jackson ImmunoResearch, West
Grove, PA).

8. 4-nitrophenyl phosphate (pNPP) (Sigma, St. Louis, MO).

b
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Fab Immunopure preparation kit (or similar) (Pierce, Rockford IL).
Borate buffer: 0.015 M Na Borate, 0.15 M NaCl, pH 8.5.

Centrifuge concentrator tubes (e.g., Ultrafree-0.5 Centrifugal Filter Units
with a molecular weight cut-off of 10,000 and 30,000 from Millipore, Bed-
ford, MA).

N-succinimidyl 3-(2-pyridyldithio) propionate (SPDP) (either from Sigma
or Pierce).

Dimethyl sulfoxide (DMSO).

Dithiothreitol (DTT) (Bio-Rad, Hercules, CA).

Sodium acetate buffer, 1 M, pH 4.5.

Cytochrome C (from horse heart, Sigma).

Desalting columns (e.g., PD10 columns, from Pharmacia, Uppsala, Sweden).
Fast performance liquid chromatography (FPLC) system with a Superose
12 column (Pharmacia).

Standard apparatus for Western blotting and transfer (Bio-Rad).
Acrylamide, TEMED, ammonium persulphate (APS), and Tris buffers (for
making 10% polyacrylamide gels, or ready-made gels can be used).
PVDF membrane (Bio-Rad).

Nonfat dry milk (NFDM) (Bio-Rad): 1% solution in PBS (to be used as
blocker).

Bio-Rad detergent compatible (DC) protein assay kit and spectrophometer
or enzyme-linked immunosorbent assay (ELISA) plate reader for measur-
ing protein concentration.

Recombinant Ad5 knob protein (6-His tagged). Direct inquiries about this
reagent to the Division of Human Gene Therapy, University of Alabama at
Birmingham.

Nickel-Alkaline Phosphatase conjugate (Qiagen Inc., Valencia, CA).
Alkaline Phosphatase Immun-Blot Colorimetric Assay Kit (Bio-Rad).
Adenoviral vector of choice. This should be purified by cesium chloride cen-
trifugation, then dialysed into storage buffer (10% glycerol/S mM HEPES in
PBS) before being stored in aliquots at —80°C.

Luminometer (for luciferase assays if using the luciferase reporter gene).
Rats approx 6 wk of age (Harlan Sprague Dawley, Indianapolis, IN).
Rodent restrainer (Harvard Instruments, Holliston, MA).

Insulin syringes, 0.5 mL (with no dead space and 28 G needle).

Heat lamp.

CO, chamber (for sacrificing rats).

Scissors, forceps, etc., for dissection.

20 G Jelco intravenous cannula and giving set (Johnson and Johnson, Ar-
lington, TX).
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3. Methods
3.1. Preparation of Fab Fragments from the 1D6.14 MAb

1. Digest at least 10 mg of 1D6.14 MAD into Fab fragments using the Pierce
Immunopure Fab preparation kit. Digest the antibody with papain, then pu-
rify the Fab fragments from the Fc fragments entirely in accord with the
manufacturer’s instructions (see Note 2).

2. Concentrate the purified Fab fragments to 10 mg/mL using an Ultrafree-0.5
Centrifugal Filter Unit with a molecular weight cut-off of 10,000 and ex-
change the buffer into borate buffer using the concentrator tubes in accord
with the manufacturer’s instructions.

3. Measure the protein concentration using the Bio-Rad protein assay kit ac-
cording to the manufacturer’s instructions (see Note 3).

3.2. Preparation of MAb 9B9

Ensure targeting MAD (e.g., 9B9) is concentrated to 10 mg/mL using cen-
trifuge concentrator tube and exchange the buffer into borate buffer.

3.3. Addition of SPDP Linking Moieties to 1D6.14 and MAb 9B9

1. Dissolve the SPDP at a concentration of 2 mg/mL just before use in either
100% ethanol or DMSO (see Note 4). Prepare a fresh batch for each con-
jugation.

2. Combine 10 mg of MAb 9B9 (in 1 mL at a concentration of 10 mg/mL)
with 62.5 pL of SPDP in a 1.5-mL microfuge tube, and 3.3 mg of Fab
1D6.14 (in 330 pL at a concentration of 10 mg/mL) with 62.5 uLL of SPDP
in a separate 1.5-mL microfuge tube (see Note 5).

3. Mix each tube thoroughly then shake at room temperature for 30 min

(Fig. 2).

3.4. Crosslinking of 1D6.14-SPDP to MAb 9B9-SPDP

1. During the 30-min incubation (Subheading 3.3., step 3), equilibrate a de-
salting PD10 column with borate buffer by loading a total of 10 mL of
buffer (in aliquots) and allowing it to flow through by gravity.

2. After the 30-min incubation, add 0.1 vol of 1 M sodium acetate buffer, pH
4.5, to the Fab-SPDP to lower the pH (see Note 6).

3. Add 1 mg of solid DTT to reduce the SPDP and incubate for 5 min at room
temperature.

4. Add 5-10 crystals of cytochrome c (See Note 7) to the Fab-SPDP solution,
then load onto the PD10 column.
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Antibody Conjugation Schema

Anti-knob Fab (5-10 mg/mL) Targeting Ab (eg 9B9; 5-10 mg/mL
+ +
SPDP (1:6 Molar Ratio) SPDP (1:6 Molar Ratio)
Shake 30 min RT Shake 30 min RT
Lower pH

(Add 0.1 vol 1 M Na Acetate pH 4.2)

\

Reduce
(Add 1 mg solid DTT, 5 min)

+ v

Add pinch of cytochrome C (marker)

+ Add together quickly
Pass through desalting column (PD10) *
catch red drops Shake
L overnight

Fig. 2. Schema for construction of antibody conjugate.

5. Once the red solution has entered below the top frit, add 5 mL of borate
buffer to wash the solution through the column. Carefully watch the red
band move down the column, then collect only the red cytochrome c-la-
beled drops as they come through (typically less than 0.5 mL volume is col-
lected).

6. Immediately add the Fab-SPDP to the MAb9B9-SPDP and shake overnight
at room temperature (See Note 8).

3.5. Purification of Conjugate

1. Calibrate a Preparation Grade Superose 12 column (250-300 mL column
volume) with molecular-weight markers, which may include small aliquots
of unconjugated 1D6.14 Fab and MAb 9B9 using a Pharmacia FPLC sys-
tem and borate buffer (see Fig. 3).

2. Purify the conjugate mixture from Subheading 3.4. using the same cali-
brated Superose 12 column. Set the flow rate at 0.3 mL/min (see Note 9).
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Fig. 3. A typical chromatography profile seen after gel filtration through preparation
grade Superose 12 column using a FPLC system. A spectrum of conjugate molecules
along with some residual free MAb 9B9 and free Fab is often obtained. The highest mo-
lecular-weight elements, corresponding to large aggregates, are avoided then fractions
in the region above the free 9B9 are pooled and evaluated.

3.6. Validation of Conjugate Binding to Ad5 Knob

This section briefly summarizes our method to validate that the crosslinking
in Subheading 3.4. gave rise to a functional conjugate capable of binding Ad5
knob. For additional details, see Reynolds et al. (8).

1.

Load 1 pg of conjugate and 1 pg each of 1D6.14 Fab and MAb 9B9 as pos-
itive and negative controls, respectively, into separate lanes of a 10% non-
denaturing sodium dodecyl sulfate (SDS)/polyacrylamide gel and elec-
trophorese at 160V for 1 h (Fig. 4A).

Transfer the proteins to PVDF membrane by standard techniques at 300
mA for 1-2 h or 30 mA overnight (Fig. 4A).

Block the membrane with 1% nonfat dried milk (NFDM), then probe with
6-His tagged recombinant Ad5 knob at 10 pg/mL (in 1% NFDM) for 1 h at
room temperature (using just enough volume to cover the membrane, ap-
prox 8 mL for a 10 cm X 8 cm membrane). Wash the membrane three times
for 5 min each time in 10 mL of PBS-Tween and detect the signal using
nickel-alkaline phosphatase conjugate and the Alkaline Phosphatase Im-
muno-Blot Colorimetric Assay Kit according to the manufacturer’s in-
structions. You should see positive signal for conjugate and 1D6.14 Fab, but
not or MAb 9B9 (Fig. 4B).
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Fig. 4 (A) 10% nondenaturing polyacrylamide gel showing 1D6.14 Fab, MAb 9B9

and pooled conjugate. (B) Western blot probed with 6-His tagged Ad5 knob showing
that the 1D6.14 Fab and the conjugate bind to the knob, but as expected, the parent MAb
9B9 does not. Adapted with permission from ref. 8.

3.7. Validation of Conjugate Binding to ACE

L.

2.

Coat Nunc maxisorb plates with purified human kidney ACE (50 uL/well,
400 ng/well) overnight at 4°C in 0.1 M carbonate buffer, pH 9.6.

The next day, wash the wells three times with PBS-Tween then block with
1% NFDM for 1 h at room temperature.

. Serially dilute (at least three 10-fold dilutions) conjugate, 9B9 (as positive

control) and 1D6.14 Fab as negative control) then add to the wells. Incu-
bate at 4°C overnight.

. Wash the wells three times with PBS-Tween. Add AP-conjugated anti-

mouse antibody and develop color with pNPP according to the manufac-
turer’s instructions. Determine the optical density (OD) in the wells using
an ELISA plate reader. You should see binding for MAb 9B9 and conju-
gate, but not 1D6.14 Fab.

3.8. Validation of ACE-Targeted Gene Delivery In Vitro

1.

2.

Plate Chinese hamsterovary (CHO)-ACE cells and CHO cells at 25,000
cells/well into 24-well plates (prepare one plate for each cell line).

Twenty-four hours later make seven aliquots of adenoviral vector (contain-
ing the luciferase reporter gene) in microfuge tubes. Each aliquot should
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contain 2 X 107 plaque forming units (PFU) of adenovirus and the volume
should be no more than 20 pL per aliquot.

. Serially dilute the conjugate. Beginning with 10 puL (approx 3 pg) of con-

jugate, make five serial 1:10 dilutions (thus having a total of six different
conjugation concentrations) in borate buffer. Take 5 pL of each of the six
dilutions and add to each of six adenovirus aliquots prepared in step 2. To
the seventh adenoviral aliquot, add 5 pL of borate buffer to be an untargeted
control. Incubate the mixtures for 45 min at room temperature.

. Bring the volume of each tube to 700 pL with infecting medium (Dulbeco’s

modified Eagle’s medium [DMEM]/F12 50:50 containing 2% fetal calf
serum [FCS]).

. Retrieve the CHO-ACE and CHO cells from tissue-culture incubator. Per-

form the next steps on triplicate wells, on both plates. To the first three wells
on each plate, aspirate the medium and add 100 pL per well of infecting
medium without virus to act as uninfected controls. To the next triplicate, as-
pirate the medium and replace with 100 uLL per well of infecting medium
containing untargeted virus. Continue this process through the six differ-
ent virus-conjugate mixtures. Return the plates to the incubator and rock fre-
quently to improve virus-to-cell contact. (A mechanical rocker may be used.)

. After 1 h, aspirate the infecting medium from each well, then wash with

PBS and add complete tissue-culture medium.

. Twenty-four hours later, assay luciferase activity using the Promega Lu-

ciferase Assay System Kit according to the manufacturer’s instructions. You
should see at least a 10-fold enhancement in gene expression for one of the
virus-conjugate mixtures on CHO-ACE cells, but not on CHO cells (See
Note 10).

3.9. In Vivo Gene Delivery to Pulmonary Endothelium

1.

Add 10 pg of conjugate (in a volume of 5-10 uL) to 10!! viral particles of
vector (in a volume of 50-100 pL). Handle the vector using BSL 2 pre-
cautions. Adjust amounts up or down as necessary depending on the par-
ticular application but keep ratio the same. Incubate 45 min at room tem-
perature (see Note 11).

. Place rats in rodent restrainer and warm the tail gently using a heat lamp to

achieve vasodilatation.

. Dilute the adenoviral vector/conjugate mix up to 250 UL with sterile saline

and gently draw into an insulin syringe.

Inject the solution into the lateral tail vein.

Return the rat to its cage. After injection, animals should be cared for using
BSL 2 precautions.
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3.10. Analysis of Gene Expression

3.10.1. Detection by Immunohistochemistry

1.

2.

At the desired time interval, sacrifice rats using CO,. Peak gene expression
with first-generation Ad vectors is typically 3—5 d after vector administration.
Make a transverse incision with scissors in the upper abdominal wall, then
cut vertically through the diaphragm, taking care not to damage the lung.
Continue the vertical cut to the level of the upper sternum (avoid damaging
any blood vessels), then open the chest cavity by pulling the two sides of
the ribcage forwards and outwards. Hold ribcage sections away from cen-
ter of chest with surgical clips.

. Introduce a Jelco 20 G intravenous cannula attached to a 10-mL syringe

into the right ventricle by passing the tip directly through the myocardial
wall. Aspirate blood to check position.

Fill the barrel of a 50-mL syringe and a giving set line with heparinized
saline. Remove the 10-mL syringe and connect the cannula to the giving set
line. Hold the 50-mL syringe barrel 30 cm above the rat in a retort stand;
avoid introducing air into the system.

. Make a slit in the left ventricle (with scissors) and perfuse the pulmonary

vascular bed with 40 mL of heparinized saline by gravity, then 40 mL of
10% buftered formalin.

. Cannulate the trachea. Identify and free up the trachea from the surround-

ing muscle and connective tissue by gentle dissection. Pass a ligature be-
hind the trachea and tie it loosely in front. Make a small transverse incision
in the anterior trachea, remove the cannula from the right ventricle (still
connected to formalin), and place this in the trachea. Hold the cannula in
place by tightening the ligature and inflate the lungs with 10% buffered for-
malin (approx 5 mL).

. Remove the cannula. Tie off the trachea, then remove the heart and lungs

en bloc and continue fixation in formalin in a suitable specimen container
for 24 h.

. The following day, cut lung lobes into vertical slices 2-3 mm thick, then

process the tissue into paraffin by standard histopathological techniques.
Embed the tissue in paraffin blocks, then section and stain using standard
techniques (see Note 12).

3.10.2. Analysis of Luciferase Activity

L.

At the desired time interval, sacrifice rats using CO,. Peak gene expression
with first generation Ad vectors is typically 3-5 d after vector administra-
tion.
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. Open the chest cavity, excise the lungs, and place them into 50-mL poly-

propylene centrifuge tubes.

. Quick-freeze the tissue in an ethanol-dry ice bath. Frozen tissues may be

stored at —80°C.

. Cool a mortar and pestle in an ethanol/dry ice bath, then grind the tissue to

a fine powder.

Assay the tissue using a Promega luciferase assay system kit according to
the manufacturer’s instructions and determine relative light units (RLU)
using a luminometer.

Assay the protein content of the tissue using the Bio-Rad DC protein assay
kit. Express luciferase activity as RLU/mg protein (see Note 13).

4. Notes

1.

The anti-ACE antibody MAb 9B9 has been extensively evaluated for pul-
monary targeting over the last 15 yr, including several studies in which it
was conjugated to enzymes such as superoxide dismutase (SOD) and cata-
lase (28). Danilov has since developed an expanded panel of anti-ACE an-
tibodies that also show good targeting characteristics, and these too may
provide utility for targeted gene delivery (29). Although the available data
suggests ACE as the preferred target in many settings because of the pul-
monary endothelial selectivity of the available antibodies, other antibodies
may also have utility. For example, targeting to PECAM has been suc-
cessful in improving the pulmonary gene delivery of nonviral vectors (al-
though the actual cell types expressing the transgenes were not accurately
determined) (30). Although PECAM is useful for endothelial targeting, it
lacks the pulmonary selectivity of the ACE approach. The success in the
setting of nonviral systems may relate to a combined effect with the in-
trinsic pulmonary localizing properties of these agents. However, PECAM
targeting has not been fully evaluated in a viral context.

When preparing to construct a conjugate using the approach discussed here,
it is critical to ensure that enough of the appropriate reagents, 1D6.14 Fab,
and the targeting antibody, 9B9, are on hand—preferably at least 3—4 mg
of Fab and 10 mg of antibody. In our experience, attempts to make usable
amounts of conjugate are futile if you are starting with only microgram
quantities of targeting ligand. Simply scaling down the quantities suggested
here does not work. Ideally, both Fab and targeting antibody should be con-
centrated to 10 mg/mL in borate buffer.

. The rationale for using the Fab fragment rather than intact 1D6.14 is to re-

duce the theoretical risk of cross-linking adenoviruses. The use of intact
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1D6.14 vs Fab in conjugate construction has not systematically been com-
pared, however.

4. Over time, we have come to prefer DMSO because, in certain cases, ethanol
seemed to increase protein precipitation during the reaction.

5. In separate reactions, we chemically crosslink SPDP with both MAb 9B9
and Fab 1D6.14 at a molar ratio of 6 SPDP:1 mAb or Fab, then conjugate
MAD 9B9 to Fab 1D6.14 at a 1:1 molar ratio. The molecular weight of SPDP
is 312; MADb 9B9 is approx 150,000; and Fab 1D6.14 is approx 50,000.
Thus, 10 mg of MAb 9B9 would require 3.3 mg of Fab. One mg of MAb is
equivalent to 0.00667 pmole (1 mg/150,000 mg/mmole) and the molar con-
centration of 10 mg/mL MAb is 0.0667 pmole/uL. The molar concentration
of 2 mg/mL SPDP is 0.0064 umole/uL (2 mg/mL/312 mg/mmole). Because
6 moles of SPDP are required per mole of either MAb or Fab, combine 0.40
pmole of SPDP (6 X 0.0667 umole) with 10 mg of MAb or 3.3 mg of Fab.
Therefore, mix 10 mg of MAb (in 1 mL) with 62.5 puL. of SPDP (0.40
pmole/0.0064 umole/uL) in a 1.5-mL microfuge tube, and 3.3 mg of Fab
with 62.5 pL. of SPDP in a separate tube.

6. Lowering the pH protects the internal disulfide bonds of the Fab from the
reducing effect of the DTT (so only the SPDP component is reduced).

7. The PD10 column will remove DTT and unbound SPDP. It is critical that the
reduced Fab-SPDP is collected off the column in minimal volume (thus en-
suring maximal concentration of reagents during the conjugation reaction).
We have found the best way to do this is to add cytochrome C to the Fab-
SPDP just before passing through the PD10 column. You only need enough
to impart a red color to the solution. Then, when this is passed through the
column, simply collect just the red drips (the cytochrome C is later removed
during gel filtration).

8. Passing the MAb 9B9-SPDP through a PD10 column (without the reduc-
tion step) can also be done but this tends to increase reaction volume and
does not improve the outcome of the conjugation reaction.

9. A typical chromatographic profile of the conjugate mix is shown in Fig. 3,
where the fraction collector was set to collect 1-mL fractions. As can be
seen, there is a heterogeneous mix of conjugate species. The fractions in
the region of an “ideal” molecular weight of 200,000 (i.e., a 1:1 ratio of
Fab and MAb 9B9) are pooled, concentrated, and carried forward into fur-
ther validation studies. A reasonable final concentration of conjugate is 0.3
mg/mL. Minor variations in this basic technique such as using PBS in
place of borate buffer may be tried. As stated, in our hands the protocol
typically yields an amount of conjugate equivalent to 10-20% of the input
weight of Fab and MAb. A balance must be struck between excess con-
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jugation (with the increased production of large aggregates and precipita-
tion) and inefficient conjugation (with poor yield and excess free MAb
9B9 and Fab).

For in vitro validation we used CHO-ACE cells (clone 2C2), a line devel-
oped by Danilov that is naturally low in CAR (owing to their CHO lineage),
but stably transfected to express ACE at levels comparable to the pulmonary
endothelium in vivo (31). When titration is performed, one typically sees a
bell-shaped curve of gene expression (e.g., as RLU if using a vector carry-
ing the luciferase gene). Inadequate amounts of conjugate give low expres-
sion (owing to low targeting and lack of CAR on the cells), whereas excess
conjugate also reduces gene transfer owing to an excess of free conjugate,
which can act as a competitive inhibitor to the Ad-Fab-9B9 complexes. The
optimized ratio of virus to conjugate can then be used as a guide for deter-
mining the amounts to be used in vivo, although in practice the issue of ex-
cess free conjugate is less likely to be an issue in vivo, because it has been
shown that approx 1 mg of MADb 9B9 is needed to block ACE binding sites
in rat lung in this setting. For other targeting conjugates, there may be cases
where the cell lines available for in vitro evaluation may be naturally high in
CAR, thus potentially confounding targeting assessment. This problem is
simply overcome by pre-incubating cells with an excess of recombinant Ad5
knob to block the “background” CAR-mediated infection. For these experi-
ments, cells are first incubated in unsupplemented DMEM/F12 medium
containing 10 pg/mL Ad5 knob for 10 min at room temperature (in a volume
of 100 pL per well of a 24-well plate). Vector/conjugate mix is then added,
and cells are incubated for another 30 min at room temperature. Then in-
fecting medium is aspirated, cells washed once with PBS, complete medium
added, and the cells incubated at 37°C as usual for 24 h before assessment of
transgene expression. In this way, any element of “CAR-independent” gene
delivery is revealed.

In our rat studies, we have used up to 3 X 101! adenoviral particles (thus at
most 30 pg of conjugate). It has previously been shown by Danilov and co-
workers that as much as 1 mg of 9B9 is needed to saturate the binding sites
in rat lung (32), thus we are well below saturation point. For this reason,
we have also not sought to purify Ad-Fab-9B9 complexes from any poten-
tially free Fab-9B9. Efforts to do so using gel filtration by others in our
group (using different but similar conjugate approaches; personal commu-
nication) have typically reduced transduction efficacy.

The precise details of immunohistochemistry detection will vary depending
on the transgene delivered, and a full detailed discussion of the various pa-
rameters that may need to be adjusted is beyond the scope of the current dis-
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13.

cussion. Some gene products may best be detected using fixatives other than
formalin, or one may need to use frozen sections. In the latter case the pul-
monary vascular bed could still be perfused as above (using either he-
parinized saline alone or with formalin), then the lungs could be gently in-
flated with OCT using a syringe to deliver this via the cannula. As an example
of staining paraffin sections, we used the following technique to detect car-
cino-embryonic antigen (CEA) gene delivery. Five micron sections were cut
and heat-mounted onto positively charged slides (60°C for 1 h). The sections
were de-waxed by passing through three baths of xylene (10 min each), then
baths with decreasing ethanol concentrations (100, 95, 90, 70%, each 5 min),
and finally Tris wash buffer (0.05 M Tris, 0.15 M NaCl, 0.01% Triton X-100,
pH, 7.44). A circle was drawn on the slide around the sections with a wax
pencil or PAP-pen. The sections were blocked in 3% goat serum in Tris wash
buffer for 1 h at room temperature, then incubated with anti-CEA polyclonal
rabbit antibody (Chemicon, Temecula, CA, Cat. no. 46912) diluted 1:2000
with PBE buffer (1% BSA, 1 mM EDTA, 0.15 mM NaNj, in PBS) for 1 h at
room temperature. After three washes of 5 min each in Tris wash buffer, sec-
tions were incubated with fluorescently labeled secondary antibody (Alexa
488 [green fluorescence] goat anti-rabbit secondary antibody (Molecular
Probes, Eugene, OR) diluted 1:1000 in PBE buffer for 1 h at room tempera-
ture. Sections were then washed, nuclei were stained with Hoescht 33342
(Molecular Probes) for 10 min at room temperature, then given a further
wash and mounted using aqueous mounting medium. Immunofluorescent
images were obtained using an Olympus IX 70 inverted microscope or a
Leitz Orthoplan with epifluorescence optics and a Photometrics Sensys
cooled CCD, high-resolution, monochromatic camera (Roper Scientific,
Tucson, AZ) and IPLab Spectrum Image Analysis software (Scanalytics,
Fairfax, VA).

Using this approach, we have seen significant increases in pulmonary en-
dothelial gene expression compared with unmodified Ads (Fig. 5). Although
there may be some gains attributable to the first pass effect (i.e., the pul-
monary vascular bed is the first capillary bed that is seen by vector injected
into the tail vein), we illustrated specificity by comparison with an irrelevant
conjugate (made exactly as mentioned previously but combining 1D6.14 Fab
with MAb 528, an anti-epidermal growth factor antibody), which did not in-
crease pulmonary gene expression. We also performed blocking in vivo by
co-injection of 1 mg of free MAb 9B9 to saturate lung binding sites (which
reduced the effect of the anti-ACE conjugate), and also performed left ven-
tricular injection of the vector complexes so that they would reach the pul-
monary capillary bed after passing through peripheral capillary beds (8,9).
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Fig. 5. Combined transductional and transcriptional targeting. Rats were injected
(via tail vein) with 3 X 10!l viral particles of AdfitLuc (endothelial-specific promoter
driving luciferase expression), either alone (A) or in combination with the pulmonary
endothelial targeting conjugate Fab-9B9 (B), then sacrificed 3 d later and luciferase ac-
tivity was determined. Data show the mean + SD of four rats per group. Adapted with
permission from ref. 9
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Gene Transfer to Brain and Spinal Cord
Using Recombinant Adenoviral Vectors

Joseph M. Alisky and Beverly L. Davidson

1. Introduction

Recombinant adenoviral (Ad) vectors are derived from human adenoviruses:
nonenveloped, encapsidated linear, double-stranded DNA viruses that com-
monly cause respiratory and gastrointestinal infections. Forty-three different
human adenovirus serotypes have been characterized (1). Details about pro-
duction of recombinant Ad vectors are given in Chapter 1. Ad vectors in wide-
spread use are derived from human Ad serotypes 2 and 5 (Ad2 and AdS), Ad5
being more common for applications in the central nervous system (CNS). AdS
replication-impaired vectors most often contain deletions in the E1 and E3 re-
gions, with transgenes driven by a variety of promoters including viral promot-
ers, and those that are neuron-specific (2). Recently fiber-modified and “gutless”
Ad vectors, and those based on canine adenovirus serotype 2, have been devel-
oped for use in brain (3-9).

The main limitation of the original AdS vectors is loss of gene expression.
Even in the relatively privileged microenvironment of the brain and spinal cord,
there is considerable immune response against adenoviral proteins. As a result
of immune response, combined with shutdown of cytomegalovirus (CMV) or
Rous sarcoma virus (RSV) promoters, AdS transgene expression in mouse brain
peaks from 4 to 7 d postinfection and declines thereafter (10-13). However, for
short-term gene expression, the AdS vector has several advantages that make it
the vehicle of choice for many applications in the CNS. Ad5 vectors can be gen-
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erated very rapidly in large quantities at high titers. Using shuttle plasmid sys-
tems and available adenovirus backbones, research-grade vectors can be pro-
duced in as little as 2 wk with titers as high as 1 X 1013 infectious units/mL
(14,15). The theoretical packaging limit for Ad5 is up to 34 kb; by contrast
adeno-associated virus (AAV) vectors typically can package approx 4.5 kb or
less and lentiviral vectors have a maximum capacity of approx 7-8 kb (16). In-
jections of AdS into the brain can transduce a wide variety of targets, including
neurons, astrocytes, oligodendrocytes, ependyma, and blood vessels (13). Fur-
thermore, neurons in sites difficult to reach by direct injection can also be trans-
duced via retrograde transport of Ad5 from nerve terminals (17,18). For exam-
ple, motor neurons in the brainstem and spinal cord can be transduced by AdS
vectors injected into muscle (19,20). Uptake of Ad5 vectors by neuromuscular
terminals can be enhanced through botulism-toxin induced sprouting (20). Neu-
rons in the brainstem can also be transduced from Ad5 vectors injected into the
cerebellum or spinal cord (12,21). Also, Draghia and colleagues instilled Ad5
into the nasal cavity of rats and found transduction of neurons in the olfactory
bulb, olfactory nucleus, locus coeruleus, and area postrema (22).

Ad5 vectors have tropism for some brain tumors, and can be used in model
systems of gene therapy to treat primary and metastatic CNS tumors. In this ap-
plication, time-limited transgene expression and immune response against trans-
duced cells are advantageous. Clinical trials of Ad vectors to treat gliomas are
currently underway (23,24).

In this chapter, we present commonly used methods for gene transfer of Ad5
to targets in the brain and spinal cord of rats and mice, as detailed in Table 1.
These procedures follow the same basic outline:

1. The first step is injection of vector. Except for intramuscular injection for
transduction of motor neurons, vector injection involves surgical exposure
of the target region in the brain or spinal cord, followed by delivery of a
controlled amount of viral vector using a mechanically controlled pressure
injector (see Note 1).

2. Attentive postoperative care is important. Immediately following surgery,
animals are monitored until awake. Analgesia in the immediate periopera-
tive period is advised. If longer-term gene expression is desired, postoper-
ative immunosuppression is recommended using cyclosporine or FK-506.
Lower doses of vector seems to correlate with less immune response; total
virus dose below 108 transducing units attenuated immune-mediated loss of
transgene expression (25). In theory, it is also possible to reduce immune
responses to Ad5 by intrathymic injection at birth (see Note 2).

3. After the desired survival period, animals are deeply anesthetized and sacri-
ficed to obtain brain and spinal cord tissue for histological study. Transcar-



Table 1

Ad5 Transduction in Brain and Spinal Cord of Rats and Mice

Injection site

Cells transduced at site of injection?

Cells transduced by retrograde transport

References

Striatum

Cerebellum

Pituitary

Hippocampus
Spinal cord

Mainly glia, small numbers of
GABAergic striatal neurons

Mainly glia, efficient transduction of
ventricular epithelium, almost no
neurons at injection site in cerebellar
cortex

Mainly glia

Glia
Glia, motor, and other ventral horn
neurons

Corticostriatal, subthalamic, and
substantia nigra neurons; callosal, and
monoaminergic neurons

Large numbers of brainstem cerebellar
projecting neurons, small numbers of
spinocerebellar neurons, sometimes
efficient retrograde transduction of
distant Purkinje cells and deep
cerebellar nuclei

Periventricular and supraoptic
hypothalamic nuclei

Pyramidal cells

Retrograde transduction of brainstem
reticulo-, vestibulo-, and rubrospinal
neurons, also scattered cerebellar
Purkinje cells (from CSF diffusion not
retrograde transport)P

(13,17,18,26,27)

(1)

(52)
(53,54)

(12,40)
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Table 1
Continued
Injection site Cells transduced at site of injection? Cells transduced by retrograde transport References
Muscle Muscle fibers Brainstem or spinal cord motor neurons
depending on muscle injected (19,20,42,44)
Cisterna Magna  Cerebral blood vessels and meninges, None¢ (27,33,35,40,
also spinal cord meninges 47,51)
Ventricle Ventricular epithelium No neurons by retrograde transport;
however, when vector is injected under
conditions of systemic hyperosmolality,
scattered cells near ventricles can be
transduced (34)
Brain tumor Variable, depending on location and type Variable, depending on location and type
of tumor of tumor (36,37)
Cerebral cortex ~ Neocortical neurons in multiple layers None (55,56)
Hypothalamus Some supraoptic neurons Subfornical neurons (57)

aMainly glia are transduced directly at the injection site, but direct neuronal transduction in the spinal cord appears to be more efficient then
other locations in central nervous system.
bIn rats and mice, corticospinal neurons mainly project to the spinal cord via brainstem interneurons. Hence corticospinal neurons are not effi-
ciently transduced from spinal injections.
cFinegold et al. advanced a catheter through the cisterna magna of rats 3 mm into the intrathecal space of the cervical cord and transduced
meninges on the dorsal surface of the spinal cord (34).
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dial perfusion with 4% paraformaldehyde fixative provides good preserva-
tion of histology and many antigens, although it is recommended that each
stain and/or immunohistochemical (IHC) approach be refined by testing
using other fixatives and fixation times.

4. Tissue sections are prepared from brain and spinal cord tissue using a cryo-
stat. If bacterial -galactosidase (B-gal) is used as a reporter gene, sections
are next processed for -gal histochemistry to produce vivid blue staining
of transduced cells. Whole brain specimens can also be stained for -gal ac-
tivity. Another popular reporter gene is enhanced green fluorescent protein
(eGFP). No histochemistry is required, and eGFP is ideal for examining
live or unfixed cells or tissues. However, because GFP fades over time, IHC
stains are recommended for archived sections. In addition, IHC stains or
other measures may be employed to assess the effects of gene transfer. As
one example, adenoviral-expressed, glial-derived neurotrophic factor in the
striatum of rats protected against 6-hydroxydopamine lesions, as measured
by counting fluorogold-labeled substantia nigra neurons (26). As another
example, adenoviral-mediated expression, of B-glucuronidase in the brains
of B-glucuronidase deficient mice resulted in widespread correction of
lysosomal storage disease (27).

Material and methods for injection, postoperative care, perfusion/fixation, and
preparation of tissue sections are described such that investigators can customize
protocols for their own specific aims. All uses and preparations of recombinant
viruses, and procedures utilizing live animals, must be approved by the appropri-
ate institutional use committees prior to beginning experiments. Of note, the sur-
gical procedures and tissue-processing methods are applicable to other com-
monly used vector systems, including AAV (28) or lentiviruses (29,30).

2. Materials
2.1. Vector Injection

2.1.1. Injection of Vectors in Striatum, Cerebrum, Hippocampus,
Hypothalamus, Ventricles, and Cerebellum

1. Rats or mice obtained from an accredited animal supply company with
known birth dates and weight, housed in government-approved facility. We
generally use C57BL/6 mice or Sprague-Dawley rats, but other strains can
be used. Note, however, that different strains may have different immune re-
sponse against adenoviral proteins (10). It is advisable to order the animals
at least 1 wk before surgery to allow them to adjust from the stress of travel.

2. Ketamine-HCL/xylazine mix for anesthetizing mice: combine 8.9 mL of
sterile phosphate-buffered saline (PBS) with 1 mL of 100 mg/mL ketamine
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17.
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and 0.1 mL of 100 mg/mL xylazine (XYLA-JECT® available from Phoenix
Pharmaceuticals, Belmont, CA) for final concentrations of 10 mg/mL keta-
mine and 1 mg/mL xylazine. PBS is prepared from prepared packets (Sigma,
St. Louis, MO) in double-distilled water (ddH,0). The PBS will be pH 7.5,
have a concentration of 0.01 M, and can be autoclaved for sterilization.

. Sodium pentobarbital for anesthetizing rats (usually available ready to use;

if necessary dilute with PBS for working concentrations).
Stereotaxic brain atlas (31,32).

. A stereotaxic frame (Kopf Instruments, Tujunga, CA) to immobilize the

head of the animal. For mice, use small animal stereotaxic frame with
mouse adaptor. The same stereotaxic frame can be used for rats, but the rat
ear bars must be mounted onto the frame.

Underpads such as blue chucks, surgical drapes, or sterilized towels to set
up a sterile operating field.

. Eye ointment containing bacitracin, zinc, and polymixin B sulfate is needed

to prevent corneal abrasions while animals are anesthetized for a prolonged
period of time with suppressed blink reflex.
Electric or disposable razors for removal of hair around the site of injection.

. lodine tincture or betadine applicators.
. Autoclavable surgical instruments and supplies including sterile cotton-

tipped applicators, cotton wicks, scalpel and blades, curette (spoon-like in-
strument), forceps, iridotomy scissors, hemostat, and ronguers can be pro-
cured from many different supply companies. The size of ronguers depends
on the size of the animal; models are available for mice and rats. A sterile
surgical marking pen is helpful for marking stereotaxic coordinates on the
skull, available from most surgical supply companies or hospital stores.
Sterile insulin syringe with attached 28 1/2G needle.

Surgical suture (4.0 sized 30-in silk) with attached needle.
Microprocessor-controlled pump with controller (UltraMicroPump, World
Precision Instruments, Sarasota, FL.) mounted onto the stereotaxic frame to
help deliver reproducible volumes of vector at controlled rates (see Note 1).
Drill (Model 395 Type 5, or equivalent, Dremel Moto-Tool, Racine, WI)
with 003 bit for all injections requiring access through the skull.

Dry sterilizer (Germinator 500, Cellpoint Scientific, Inc., Rockville, MD).
Small sterile beaker with 70% ethanol, sterile tubes for making anesthetic
solution.

Support box taped to the base of the stereotaxic frame, to support the mice
or rats.

Several 1- or 10-puL glass Hamilton syringes (Reno, NV) with a removable
stainless-steel, blunt-ended 33 G needle (Hamilton) for gene transfer in
striatum, hypothalamus, ventricles, and cerebral blood vessels.
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19. Mannitol prepared as 1 M in 0.34 M sodium chloride, to be administered at
3 mL/100 gram of body weight of mice 10 min prior to intraventricular ad-
ministration of Ad5 vector, to improve penetration into the parenchyma (see
Note 3).

20. Several 1-uL glass Hamilton syringes, pulled glass microcapillary tubes,
and super glue for cerebellar injections.

21. Dissecting microscope.

22. Sterile PBS prepared as described in item 2.

23. Sterile water, autoclaved double-distilled H,O or sterile, endotoxin-free tis-
sue culture water.

24. Recombinant E1,E3-deleted AdS vector at a titer of 1 X 1010 infectious
units/mL or greater.

2.1.2. Spinal Cord Injections

Materials are identical to those in Subheading 2.1.1. except for a few minor
differences:

1. A stereotaxic atlas is not required for injection coordinates but may be help-
ful for identifying structures in spinal-cord cross-sections when analyzing
data.

2. Ronguers, forceps, curettes, and probes are needed to perform a spinal
laminectomy to expose a small segment of spinal cord for injection. Dremel
drill is not needed.

2.1.3. Cisterna Magna Injections for Transduction of Meninges and
Cerebral Blood Vessels

Materials are identical to those in Subheading 2.1.1. except for the follow-
ing differences:

1. A sterile 1-cc syringe, rather than Hamilton glass syringes, with a sterile 27
G needle attached is used to inject vectors.

2. AdS5 vectors have been used for mice (33), whereas either Ad5 (34) or Ad2
(35) vectors have been used for rats.

2.1.4. Injection of Vector in a Brain and Spinal Tumor Models

Materials are identical to those in Subheading 2.1.1. except for the follow-
ing differences:

1. Our protocols use immunodeficient (nude) rats implanted with LX-1 lung
carcinoma cell line in the striatum (36) or Fisher rats implanted with 9L rat
gliosarcoma cells (37). Details of results obtained with these model systems
are described in Note 4. Other model systems should be comparable, in-
cluding nude mice or rats injected with various human tumor cell lines or
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immunocompetent rats and mice injected with rat- or mice-derived tumor
lines.

. A 25-uL. Hamilton syringe is used for injection of vector in the nude rat

lung carcinoma model, whereas 1-uL. Hamilton syringes with glass elec-
trode tips identical to cerebellar and spinal injections are used for the rat
spinal tumor model.

Recombinant E1-deleted AdS vector at atiter of 1 X 1010infectious units/mL
or greater, either expressing a reporter gene such as 3-gal (36) or the tumori-
cidal herpes-simplex thymidine kinase gene (37,38).

For use with the herpes-simplex thymidine kinase in the spinal tumor model,
gancylovir (50 mg/kg). Typical results for both model systems are detailed
in Note 4.

2.1.5. Intramuscular Injection of Vector in Tongue or Limb Muscle

L.

2.

Ketamine/xylazine or sodium pentobarbital for mice or rats, respectively,
as described in Subheading 2.1.1.

Disposable sterile 0.5-cc tuberculin syringes to inject larger volumes of
vector.

. A 10- or 25-uLL Hamilton syringe with a removable stainless-steel, blunt-

ended 33 G needle (Hamilton) to inject small volumes of vector.

. Autoclaved surgical instruments (scalpel, blades, curette, forceps, irido-

tomy scissors, hemostat, and probes) and surgical suture (4.0 silk) if limb
muscle will be exposed for injection. Injection of tongue requires no suture,
and only forceps and curette.

. Recombinant E1-deleted Ad5 vector at titer of 1 X 1010 infectious units/mL

or greater.

Botulism toxin (Sigma): 25 pg diluted into 10 uL of sterile PBS for en-
hanced motor-neuron uptake of AdS5 vectors injected into the tongue of
mice as described by Millecamps (20).

2.2. Postoperative Care of Animals

2.2.1. Routine Postoperative Care

1.

2.

Sterile 0.9% saline for subcutaneous injection immediately after surgery
and on subsequent postoperative days if animals appear dehydrated.

A 1-mL tuberculin syringe to administer saline to mice; 10 cc syringes with
a 25 G needle for rats.

. Recovery cage with clean towel bedding with a warming lamp of 50-100

watts placed about 1 meter above the cage.
Buprenex® (buprenorphine-HCI) for postoperative analgesia.
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5.
6.

Unflavored gelatin to facilitate postoperative hydration.
Gruel, which is a paste made from standard laboratory chow by grinding it
up and adding water, to facilitate postoperative nutrition.

2.2.2. Postoperative Immunosuppression With Cyclosporine or FK-506

L.

2.

Cyclosporine (15 mg/kg for mice, 20 mg/kg for rats, available suspended
in castor oil from Sandoz Pharmaceuticals, East Hanover, NJ) or FK-506
(1 mg/kg for rats) for daily injections.
Disposable, sterile tuberculin syringes.

2.3. Perfusion/Fixation

1.

Ketamine/xylazine mix for anesthetizing mice (see Subheading 2.1.1.).

2. Sodium pentobarbital for anesthetizing rats (see Subheading 2.1.1.).

3.

oo

PBS prepared as described in Subheading 2.1.1. Approximately 20 mL of
PBS per mouse and 100 mL of PBS per rat are needed.

. Laboratory grade double-distilled (dd) H,O.
. Laboratory-grade paraformaldehyde for paraformaldehyde fixative pre-

pared the day before or day of perfusion/fixation. Weigh paraformaldehyde
to give final concentration of 4 g/100 mL of volume (4%). Perfusion of one
mouse requires about 25-50 mL of fixative; one rat requires 300—400 mL.
For 1 L of fixative, heat 500 mL of ddH,O in a microwave for a few minutes
but not to the point of boiling. Add the dry laboratory-grade paraformalde-
hyde to the heated water, and then add several drops of 10 N sodium hy-
droxide to quickly dissolve the powdered paraformaldehyde. Then add the
remaining volume of ddH,O, followed by 2.62 g of sodium phosphate
monobasic monohydrate and 11.5 g of anhydrous sodium phosphate dibasic
per liter of fixative (0.1 M phosphate buffer final concentration). Add a few
drops of sodium hydroxide to fully dissolve the phosphate buffers, then ad-
just the pH of the fixative to 7.4. We recommend that the solution be vacuum
filtered prior to use. Many laboratories prepare paraformaldehyde for weeks
in advance, but we prefer to make it up no more than 24 h in advance of use
for optimal preservation of neural antigens and histology.

. Laboratory-grade sucrose to prepare buffered sucrose solution. Buffered

30% sucrose should be prepared in advance, adding 30 g of sucrose/100 mL
of sterile PBS and adjusting the pH to 7.4. It can be stored for several weeks
at 4°C.

. A 0.45-um bottle top filter (can use filter paper and funnel or various vac-

uum filters covered with filter paper).

. Peristaltic perfusion pump.
. Flexible rubber hosing 2-3 mm in diameter.
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10. Butterfly iv catheter, 23 or 25 G.

11. Iridotomy scissors.

12. Blunt-tipped (not rat-toothed) forceps.

13. Styrofoam or wax board.

14. Spray bottle with tap water.

15. Razor blade and scalpel.

16. Ronguers (mouse- or rat-sized).

17. Curette.

18. Disposable tuberculin syringes for anesthetizing mice; disposable 5-10 cc
syringes with 23 G needles for rats.

19. Plastic sagittal or coronal slicers (Roboz Surgical Instruments Company,
Inc., Rockville MD; mouse coronal, Cat. no. AL1175; mouse sagittal, Cat.
no. AL1275).

20. Sagittal slicing molds or coronal slicing molds (Kopf Instruments).

2.4. Preparation and Processing of Tissue Sections

2.4.1. Cutting Frozen Sections

1. Cryostat.

2. Glassslides (Fisher Superfrost glass™ microscope slides or other appropri-

ately subbed slides to hold tissue sections).

Slide boxes.

4. Twenty-four-well culture dishes filled with 0.01 M PBS: needed for col-
lecting thicker (40-50 pm) cryostat sections. Fine needle forceps are nec-
essary for picking up the cryostat sections.

5. PBS with 0.02% sodium azide is recommended for long-term storage of
free-floating thick sections.

6. Peel-a-way Tissue Molds (Electron Microscope Sciences, Washington, PA).

7. OCT or comparable tissue histological compound for freezing tissue blocks.

e

2.4.2. B-Galactosidase Histochemistry: KC Mixer and X-Gal Substrate

1. KC Mixer (items a-f; for 500 mL):

a. 5.74 g of K; Fe(CN),, 35 mM final.

b. 7.35 g of K, Fe(CN)4*3H,0, 35 mM final.

c. I mL of 1 M MgCl,, 2 mM final.

d. 0.5 mL of 10% sodium deoxycholate, 0.01% final.

e. 1.0 mL of 10% NP40, 0.02% final.

f. 499 mL of PBS, prepared as described in Subheading 2.1.1.

Add the MgCl, last after all of the aforementioned ingredients are dis-
solved, filter through a 0.45-um bottle top filter, and store in a dark or foil-
covered bottle at 4°C.
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2. 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-gal) stock, stored

with desiccant at —20°C, or dissolved at 40 mg/mL in N’,N-dimethylfor-
mamide and stored at —20°C in small aliquots.

. If sections are to be counterstained after the B-gal histochemistry, prepare

neutral red counterstain the day before or the day of processing. Stock solu-
tions are good for months, but working stain should be fresh. Prepare neutral
red stock solution by making a 0.025% solution of dry neutral red in double
distilled H,O (0.25 g of neutral red in 1 L of ddH,0); filter through a 0.45-
pm filter to remove any clumps. Prepare a 0.2 M sodium acetate stock solu-
tion. Prepare 0.2 M acetic acid (17 mL of glacial acetic acid and 983 mL of
ddH,0). To make the working neutral red stain solution, combine 2 vol of
acetate buffer, pH 5.6 (91 mL 0.2 M sodium acetate, 9.0 mL 0.2 M acetic
acid, 100 mL ddH,0) with 3 vol of 0.025% neutral red stock.

2.4.3. Whole Mount Fixation and B-Galactosidase Histochemistry

Materials are identical to those described in Subheading 2.4.2. except that

no counterstain reagents (item 3) are required.

3. Methods
3.1. Vector Injection

3.1.1. Injection of Vectors in Striatum, Cerebrum, Hippocampus,
Hypothalamus, Cerebellum, and Ventricles

3.1.1.1. PREOPERATIVE PREPARATION

1.

2.

Autoclave surgical instruments and drapes and prepare appropriate anes-
thetics as described in Subheading 2.1.1.

For striatal, cerebral, hippocampal, hypothalamic, and ventricular injec-
tions, sterilize 10-uL. Hamilton syringes by rinsing several times in 70% al-
cohol, followed by several rinses in sterile water and finally sterile PBS.

. For cerebellar injections, attach the pulled microcapillary tubes to the end

of blunt 1-uLL Hamilton syringes using superglue. Break off the glass elec-
trode about 100 mm above the beginning of the taper and fit the truncated
electrode tip snugly in place over the blunt end of the Hamilton syringe; use
a cotton-tipped applicator to apply a drop of superglue to the glass to ce-
ment the tip in place. After 15 min, sterilize the syringe in the same man-
ner as described in item 2. If it is impossible to draw alcohol up into the
syringe, gently break off a tiny portion of the tip by pressing it against a
sterile cotton-tipped applicator. Sometimes superglue can be drawn into the
barrel of the Hamilton syringe if the tip was not snugly in place before ap-
plying the glue. If this happens, break off the tip and soak it in acetone until
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the superglue is dissolved (minutes to hours). We find it helpful to have sev-
eral 1-pL syringes on hand so that surgery is not delayed if one syringe is
temporarily out of commission.

4. Set the mechanical injector for the appropriate delivery rate and volume for
striatal, ventricular, and hippocampal injections at 500 nL/min; cerebellar
injections are done under manual control (see Table 2 and Note 1).

5. Thaw the frozen vector and keep at room temperature during surgery once
syringes, anesthetic, injector, surgical instruments, and drapes are ready.
(Ad vectors are stable for up to 6 h at room temperature.)

6. Anesthetize mice with 0.1 mL of ketamine/xylazine cocktail per 10 g of
body weight given intraperitoneally (ip); anesthetize rats with 50 mg/kg
sodium pentobarbital ip (See Note 1). Assess adequacy of anesthesia by ver-
ifying that the animal does not withdraw its toe when pinched with a for-
ceps. If needed, administer booster doses of 0.1 mL ketamine/xylazine for
mice, 10 mg/kg sodium pentobarbital for rats.

7. Mount animals in a rat or mouse-sized stereotaxic apparatus with body rest-
ing on a support box so that the head is level with the nose clamp and in-
cisor bar. Mount the animal’s front incisor teeth in the incisor bar to pro-
vide complete immobilization of the head. The angle of the incisor bar
should be such that the skull is level. Some stereotaxic frames also have ear
bars that are inserted into the ear canal and tightened in place. Tape the tail
to the operating table or stereotaxic apparatus for further stabilization, and
reconfirm depth of anesthesia with toe pinch.

8. Once animals are mounted on the stereotaxic apparatus, apply eye ointment
to prevent corneal abrasions.

9. Shave the skin with an electric razor to expose the area for incision from
the front of the skull to the middle portion of the neck. Thoroughly clean
the shaved with the betadine swabs, followed by an alcohol prep pad. As an
alternative to an electric razor, use a disposable razor if the betadine is first
applied as an astringent.

10. Following shaving, rewash the area with betadine to clear away hair and
then swab with an alcohol prep pad. Perform a final anesthesia check and
then apply sterile drapes to create a sterile operating field.

11. For intraventricular injections, to achieve transduction of neurons beyond
the boundaries of the ventricular epithelium, apply systemic mannitol, ip,
10 min prior to virus injection (See Note 3).

3.1.1.2. OPERATIVE PROCEDURES

Expose the skull over the respective target (i.e., striatum cerebral cortex, ven-
tricles, hypothalamus, pituitary, hippocampus, or cerebellum) and drill a burr
hole with a dremel drill.



Table 2

Parameters for Striatal, Cerebral, Ventricular, Hippocampal, Pituitary, Hypothalamic, and Cerebellar Injections.
Stereotaxic coordinates Needle depth

Target in relation to bregma from dura Volume and rated

Mouse striatum 0.4 mm anterior and 2.0 mm lateral 3 mm 5 pL at 500 nL/min

Rat striatum 1 mm anterior and 3 mm lateral 4 mm 2-10 pL at 500 nL per min

Mouse lateral ventricle 0.4 mm posterior and 1 mm lateral 2 mm 10 pL at 500 nL/min

Rat lateral ventricle 1-1.8 mm posterior and 1.5 mm lateral 4 mm 100 pL over 30 min

Rat hippocampusb 4 mm posterior and 2 mm lateral 4 mm 5 uL at 500 nL/min

Rat neurohypophysis 5.5 mm posterior and 0 mm lateral 10 mm 0.2-0.4 pL at 500 nl/min

Rat periventricular hypothalamus 1.4 mm posterior and 0.6 mm lateral 7.6 mm 0.2-0.4 pL at 500 nL/min

Rat supraoptic hypothalamus 1.3 mm posterior, 5.5 mm lateral¢ 9.6 mm 0.2-0.4 pL at 500 nL/min

Mouse cerebellum 5-7 mm posterior to and 0—1 mm laterald 1 mm 1-6 pL over 3 min

Rat cerebral cortex 3 mm anterior and 5 mm lateral 4 mm 5 uL over 10 min

aExcept for the cerebellar and ventricular injections, the rate is set preprogrammed on microprocessor-controlled pump.
bNishimura et al. (54) and Masumura et al. (53) suspended Ad5 vector in 1 M mannitol to increase retrograde transport in the hippocampus.

cAngle syringe at 20° toward the midline to avoid penetrating ventricle .

dCerebellum can be identified unequivocally from visual landmarks on the skull; posterior to the lambdoidal suture is the occipital bone over-

lying the cerebellum in both mice and rats.
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12. Make a midline incision into the cleaned, shaved skin with a scalpel to ex-
pose a wide window so that skin retracts easily without mechanical re-
tractors.

13. Clearly identify the coronal, sagittal, and lambdoidal skull sutures, prefer-
ably through a dissecting microscope. The confluence of the sagittal and
frontal sutures forms the bregma, which is the landmark for most stereo-
taxic atlases. More posterior, the confluence of the sagittal and lambdoidal
sutures is a landmark for exposure of the cerebellum.

14. Identify stereotaxic coordinates for target of injection from the bregma and
lambdoidal landmarks. It may be helpful to mark the spot for drilling using
a sterile surgical marker. Coordinates, amount of vector, and injection rate
are given in Table 2.

15. Prior to drilling, dip the head of the dremel drill in 70% alcohol, followed
by sterile water and sterile PBS. Apply the drill to the skull surface and
quickly bore down to the dura mater, taking care to stop before the dura is
pierced.

16. After drilling, clear away any blood with a sterile cotton-tipped applicator.

17. Draw the vector into the syringe and go slightly above the last marked cal-
ibration of the syringe (10 uL or 1 pL, respectively) and then expel down
to the 10 or 1 pL. mark so that there is no dead space in the syringe. Mount
the syringe in the injector and secure in place with clamps.

18. Lower the syringe through the burr hole until the tip (metal or glass) of the
needle touches the dura. Read the z-plane coordinates off the stereotaxic
device so that the absolute depth can be controlled. Slowly insert the nee-
dle into the brain parenchyma to the depth specified in Table 2.

19. For striatal, ventricular, hypothalamic, pituitary and hippocampal injec-
tions, initiate the microprocessor-controlled pump pre-programmed to de-
liver the recommended volume at 500 nL/min (Table 2). After vector de-
livery, leave the needle in place for 5 min, then slowly withdraw in several
steps, over 5 min.

20. For cerebellar injections, insert through the dura to a depth of 1 mm or less
and inject 1 pL at a time over 3-5 min; leave syringe in place for 3—5 min
before withdrawing. Up to 6 pL can be injected in as many as three to four
different burr holes or up to 2 pL. can be injected in two injections in the
same burr hole. In our experience, making injections larger than 1 pL per
cerebellar injection results in leakage of most of the vector and little if any
gene transfer.

21. Remove the mouse or rat from the stereotaxic apparatus and close the scalp
incision with 4.0 silk sutures. The dremel hole may first be sealed with ster-
ile bone wax if necessary.
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22. Inject mice withl mL of sterile saline subcutaneously (sc) to replace fluid
loss; inject rats with 10 mL of sterile saline sc. Place animals in a cage with
absorbent bedding, warmed by a 75-watt lamp about a meter above the
cage. Monitor animals periodically until they are free-moving, and then re-
turn to animal care facilities.

3.1.2. Injection of Spinal Cord

This protocol is adapted from published papers (12,39-41) as well as from
procedures used in the Davidson laboratory.

1. Follow preoperative preparation as described in Subheading 3.1.1. except
the surgical window is going to be above the vertebral column and spinal
cord instead of the skull. Prepare a 1-uL. Hamilton syringe with a glass elec-
trode tip identical to that for cerebellar injections, and follow anesthesia and
stereotaxic immobilization as in Subheading 3.1.1. Immobilize the head
and tail to provide needed stability for spinal surgeries.

2. Identify the site for spinal injection. Injections are usually made in the
lower thoracic-upper lumbar spinal cord, although other sites can be used.
Cervical injections can be difficult because of potential for cervical frac-
tures. For the lower thoracic-upper lumbar spinal injections, landmarks are
easy to establish in anesthetized mice and rats by palpating the rib cage and
following each rib back to its fusion with the spinal cord. Rats and mice
have 13 thoracic vertebrae instead of 12 as in humans. The last rib joins
with the 13th thoracic vertebra, representing the thoracolumbar junction.
The iliac crests represent the end of lumbar vertebra and the beginning of
sacral vertebra. For cervical injections, the junction with the skull marks the
first cervical vertebra, and the first rib marks the beginning of thoracic ver-
tebra and the end of the cervical cord. Prepare and shave skin as in Sub-
heading 3.1.1. to allow for a clean, easily accessible window.

3. Using a scalpel, iridotomy scissors, curettes, and forceps, expose a single
vertebral segment with a combination of cutting and blunt dissection. Soft-
tissue exposure should be kept to a minimum in order to see a single spin-
ous process and lamina. Be careful not to press down while dissecting, be-
cause this can compress heart and vena cava. The most common site for
injection in our laboratory is the junction between 13th thoracic and Ist
lumbar vertebra or the junction between 1st and 2nd lumbar vertebra. If ex-
posing thoracic vertebra, avoid removing rib or pleura, as this will cause the
animal to expire from a pneumothorax.

4. Once the lamina and spinous process are exposed down to the periosteum,
break off the spinous process with ronguers. Using ronguers and forceps,
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10.

gently wear away the lamina on one side to expose the spinal cord in a small
hole that can be widened with the ronguers to expose the entire segment.
Work in very small steps and avoid direct downward pressure to prevent
damage to the underlying cord. The dorsal spinal artery should be readily
visible in the exposed segment.

Fill the syringe with vector as described in Subheading 3.1.1.

Very slowly penetrate the spinal parenchyma with the glass tip 0.5 to I mm
lateral from the spinal artery.

. Once the glass tip penetrates the dura as observed through a dissecting

scope, for mice slowly descend to a depth of no more than 0.5 to 0.75 mm
for cervical and lumbar injections, or 0.25 to 0.5 mm for thoracic and sacral
injections. For rats, insert the tip 1.0 to 1.5 mm for cervical and lumbar in-
jections or 0.5 to 0.75 mm for thoracic and sacral cord injections.

. Inject 1 pL or less over 5 min by manual control, and leave the syringe in

place for 3—5 min before withdrawing. The injection can be repeated on the
other side of the spinal artery, but make no more than two injections in the
exposed segment.

. Suture the overlying muscle and then suture the exposed skin and inject sc

saline as in Subheading 3.1.1.

Observe animals carefully once the anesthesia has worn off. Postopera-
tively, animals may have slight foot drop or lower limb weakness that
should resolve within 12-24 h after surgery. If an animal is paralyzed after
the end of the first full postoperative day, it should be euthanized with an
overdose of ketamine/xylazine or sodium pentobarbital.

3.1.3. Injection of Cisterna Magna for Gene Transfer to Cerebral
Blood Vessels

This protocol is adapted from Ooboshi et al. (33), and Christenson et al. (35)

(see Note 5).

1.

Follow preoperative preparation as described in Subheading 3.1.1. except
that (1) prepare the surgical window from between the ears to the midpor-
tion of the neck and (2) mount the animals in the stereotaxic apparatus with
the head nose-up, at an angle of 30° along the superior plane of the parietal
bone.

. Using a scalpel, incise the skin from the occipital to the nuchal region and

spread with a tissue retractor. Clear away muscular tissue using iridotomy
scissors to expose the atlanto-occipital membrane.

Attach a 27 G needle to a 1-cc syringe and mount on the manipulating arm
of the stereotaxic apparatus.
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4.

Carefully insert the tip of the needle into the cisterna magna. Stop as soon
as penetration occurs to avoid damage to cardio-respiratory centers in the
brainstem. Withdraw cerebrospinal fluid CSF (CSF; no more than 100 puL
total) via slow aspiration over 1 min.

. Very carefully withdraw the entire syringe and needle and replace with a

fresh 1 cc tuberculin syringe and 27 G needle containing 125 pL freshly
thawed adenovirus suspension. Carefully reinsert the syringe into the cis-
terna magna to the minimum depth necessary for penetration and inject the
adenovirus suspension over 5 min.

Suture the nuchal skin and muscle and keep the animal in a nose up posi-
tion in the stereotaxic apparatus for 30 min.

. Once the animals are removed from the stereotaxic apparatus, inject sterile

saline sc in the back (1 mL for mice, 10 mL for rats) to provide hydration.

. Follow postoperative procedures as outlined in Subheading 3.2.1. The

usual survival period is 1-7 d but can be longer depending on the nature of
the experiment.

. Investigators may wish to observe B-gal gene transfer in an unsectioned

brain to view the entirety of blood vessels and meninges. If so, after perfu-
sion/fixation protocol (Subheading 3.3.), process unsectioned brains for
whole-mount (3-gal histochemistry (Subheading 3.4.2.).

3.1.4. Gene Transfer in Brain and Spinal Tumor Models

These protocols require two separate surgeries: the first to implant tumor

cells and the second to inject AdS vector. Protocols are adapted from Nilaver
and coauthors (36), and Colak and colleagues (37) (see Note 4).

3.1.4.1. Lunc CARCINOMA MODEL

1.
. Follow preoperative preparation as described in Subheading 3.1.1.
. Inject 10 pL of cell suspension into the striatum of nude rats with a 10 pL.

Prepare LX-1 cells in culture media at a concentration of 9 X 104 cells/uL.

blunt-tipped Hamilton syringe using stereotaxic coordinates from Table 2.
Injection is done over 20 min at 10 pL/20 min.
Follow postoperative care as outlined in Subheading 3.2.1.

. Six days after the tumor cell injection, repeat the entire procedure of Sub-

heading 3.1.1. for striatal injections using Ad5lacz vector with a total vol-
ume of 24 pL injected using a 25-pL syringe. Tumoricidal AdS vectors can
be substituted if therapeutic protocols are being tested.

Following injection of the Ad5 vectors, allow survival period of 2-5 d be-
fore doing perfusion/fixation according to the protocol outlined in Sub-
heading 3.3.
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3.1.4.2. RAT SPINAL TUMOR MODEL

1.

Prepare 9L gliosarcoma cells in culture media at a concentration of 6.6 X
103 cells/uL. Use normal Fisher rats because the gliosarcoma 9L cell line
was originally generated in Fisher rats (37).

. Follow preoperative preparation as described in Subheading 3.1.3. for

spinal injections. Inject 1-2 puL of tumor cell suspension into the target re-
gion, either the T4 or T5 spinal segments identified by counting thoracic
vertebra from their junctions with ribs.

. A week after tumor implantation, re-anesthetize the animals and inject into

the same location as the tumor 2 pL. of AdS expressing herpes thymidine
kinase. Some small amount of scar tissue has to be removed prior to the in-
jection.

. Twelve hours after injection of virus, administer ganciclovir at 50 mg/kg ip

twice daily for 6 consecutive days.

. Allow a survival period of 1 wk or longer, and assess gene-therapy efficacy

by looking at function (absence of paralysis as a result of tumor death
owing to gene therapy) or by histological study of spinal cord sections (see
Subheadings 3.3. and 3.4.1.).

3.1.5. Intramuscular Injection

3.1.5.1. PREOPERATIVE PREPARATION

1.

Sterilize surgical instruments and sutures. For tongue injections, sterilize
forceps and a blunt probe. We use a 10-uLL Hamilton syringe sterilized as
described in Subheading 3.1.1. for small volumes or a presterilized tuber-
culin syringes for volumes of 100 puL or greater. Anesthetize animals as de-
scribed in Subheading 3.1.1.

Inject botulism toxin if performing tongue injections for improved effi-
ciency of retrograde transport in the hypoglossal pathway (20). Inject in the
tongue 8 d prior to the vector injection into the identical site. Inject the bot-
ulism toxin in the tongue in the same manner as described in step 5 of this
section. Investigators seeking to use botulism toxin in other neuromuscular
pathways will have to empirically establish the amount of botulism toxin to
1nject.

3.1.5.2. INJECTION PROCEDURE

1.

Limb injection in rats is adapted from Finiels et al. (42), where Ad5 vec-
tors were injected in limb muscle with a 4-, 8- or 30-d postinjection sur-
vival period. Swab the skin overlying the deltoid, biceps, or gastrocnemius
muscle with iodine and then shave to clear the hair. Make an incision over
the target muscle using a scalpel. Make three injections of 10 pL each into
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separate points along the muscle using a Hamilton syringe under manual
control. Make each injection over 2—3 min and then hold the syringe in
place for another 2-3 min before removal. Suture the skin and then inject
10 mL of saline either ip or sc, far from the limb injection. Place the ani-
mal in warmed cage as described in Subheading 3.1.1., step 18, and mon-
itor until the rat is free-moving.

2. Limb injection in mice is adapted from Haase et al. and Warita et al. (43,44),
and from the Davidson laboratory. Make an incision in the skin overlying the
gastrocnemius, triceps brachii, or thoracic musculature, and inject 25-50 uLL
of adenovirus into a single site. Suture the incision and inject 1 mL of saline
sc away from the limb injection site. Survival period from Haase et al. (43)
was up to 3 mo. Again volumes of up to 100 pL can be injected using tuber-
culin syringes (Davidson laboratory, unpublished observations). If injec-
tions are done in the neonatal period (before 7 d), expression duration is
many months.

3. Tongue injection in mice is adapted from Millecamps and coauthors (20),
as well as our own procedures. Gently retract the tongue from the mouth of
the fully anesthetized mouse, and inject 10-50 puL of the Ad5 vector with
the Hamilton syringe under manual control over 2—3 min, leaving the sy-
ringe in place for 2-3 min before withdrawing. If botulism toxin was in-
jected, inject the vector into the identical site. Provide hydration with 1 mL
of sterile saline injected ip postoperatively.

3.2. Postoperative Care
3.2.1. Routine Postoperative Care

Check animals on a daily basis for normal spontaneous movement and any
sign of respiratory distress or dehydration. Provide gruel paste made from water
and lab chow in one corner of cage as well as blocks of unflavored gelatin. The
soft gruel and gelatin are especially important after tongue injections. If animals
appear dehydrated they can be given ip or sc injections of sterile saline (1 mL for
mice, 10 mL for rats). Give postoperative analgesia with buprenorphine twice a
day (0.05-0.1 mg/kg for mice and 0.01-0.05 mg/kg for rats) for up to one post-
operative week, and promptly euthanize any animal in sustained distress not re-
lieved by analgesia. Finally, occasionally mice and rats will fight to the point of
severe injury. If animals are fighting, house them in separate cages.

3.2.2. Postoperative Immunosuppression

1. For rats, give cyclosporine at 20 mg/kg, administered ip daily from post-
operative d 2 and as needed (45), or FK-506 ip at 1 mg/kg daily also from
postoperative d 2 with continued use as needed.
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2. In mice, to prolong Ad5 transgene expression, give cyclosporine at a daily
dose of 15 mg/kg ip (46).

3.3. Perfusion/Fixaton

Itis recommended that first time histologists work closely with an experienced
histologist for all aspects of fixation, freezing, cutting, mounting, and other histo-
logical methods.

1. Prepare the perfusion apparatus, which consists of a peristaltic perfusion
pump, flexible tubing, and a 22 G-butterfly catheter. Manually compress
one end of the flexible tubing and force it inside the connection end of the
22 G-butterfly catheter. The tubing will then expand to form a tight seal. Set
up beakers containing PBS and fixative. Place the end without the catheter
into the beaker containing PBS; the peristaltic action of the pump will force
solution through the tubing and out the cannula. Turn on the pump and ver-
ify that the entire circuit is working before anesthetizing any animals. Run
PBS through the circuit until all air is removed from the line.

2. Set the perfusion pump next to a large tray containing a perfusion board
made of Styrofoam or wax. Or, place the perfusion board over a sink using
a plastic support. The basic idea is to have the perfusion done over a sur-
face to collect blood and used fixative. Lay out all instruments where they
are easily accessible: anesthetic, pins, scissors for cutting the chest cavity,
dissecting equipment (forceps, curette, scalpel, and ronguers), and contain-
ers to postfix the brain and spinal cord tissue immediately after removal and
dissection.

3. Anesthetize mice and rats with ip injections as outlined in Subheading
2.1.1. except that doses are slightly higher to ensure quick onset of deep
anesthesia: inject mice with 0.4-0.5 mL of ketamine/xyalzine and rats with
60-75 mg/kg of sodium pentobarbital. If several animals are being perfused
on a given session, it is advisable to keep the others removed from where
the perfusions are being done. Confirm full depth of anesthesia before pro-
ceeding by verifying no withdrawal to toe pinch.

4. Pin fully anesthetized animals to the board through all four limbs. Using
dissecting scissors, make an incision just below the rib cage, exposing liver,
diaphragm, and rib cage.

5. Cut the rib cage very quickly to expose the heart and lungs. Make one large
lateral cut from diaphragm to the upper rib cage. Cut across the top of ster-
num and then down to retract the rib cage.

6. Cut the left atrium with iridotomy scissors and quickly insert the pointed
tip of the butterfly cannula into the apex of the left ventricle.
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7.

10.

11.

12.

13.

Turn the perfusion pump on and pump 50 mL of saline into mice or 100-200
mL of saline into rats to force out all blood volume. The liver will noticeably
blanch.

. Turn the perfusion pump off and transfer the intake side of the hose to the

paraformaldehyde fixative. Pump 50 mL of fixative through mice and 100-
200 mL through rats, depending on the size. Perfusion fixation should pro-
duce cross-linking of muscle proteins, so that muscles contract and the ani-
mal assumes rigor mortis. The aforementioned procedure must be done
smoothly so that histology is well-preserved. Common problems include air
emboli, perfusing too slowly or too quickly, puncturing the ventricle, or sev-
ering the aorta. All of these result in suboptimal perfusion and tissue that is
hard to remove and harder to cut, yielding sections of poor histology.

. Turn off the apparatus and remove the cannula from the heart. If further per-

fusions are planned, the lines should be rinsed with at least 200-300 mL of
PBS. Otherwise flush with 200-300 mL of tap water to clean the lines prior
to storage. For processing the brain, continue with steps 10, 11, and 14; also
include step 12 if only a portion of the brain will be needed. For process-
ing the spinal column, follow steps 13 and 14. For staining the brain en
bloc, follow steps 10 and 11, and then proceed to Subheading 3.4.3.
Decapitate the animal at the atlantoccipital membrane and use ronguers to
break way pieces of the skull from the foramen magnum up to the cribi-
form plate of the ethmoid (essentially from the top back of the skull to the
top front) to efficiently remove the brain. Insert a small curette into the front
of the brain to gently slide it out, and, using iridotomy scissors, cut away
any adherent dura mater. If olfactory bulbs are to be saved, completely re-
move the cribiform plate of the ethmoid bone with ronguers and use the
curette to separate the anterior most poles of the olfactory bulbs from the
ethmoid bone.

Place the brain immediately into fresh 4% paraformaldehyde fixative for at
least 2 h and up to 24 h at 4°C to postfix tissue for optimal cutting.

If only particular regions of the brain are needed, place the brains into plas-
tic sagittal or coronal slicers, which contain slits at 1-mm distances for cut-
ting brain blocks. Postfix and cryoprotect these smaller slices the same as
whole brains (Step 14).

To remove the spinal cords, decapitate the animals as in step 10, using
ronguers to widen the opening at the foramen magnum and then remove the
lamina and spinous processes progressively down the length of the spinal
cord. If only a particular region of the spinal cord is of interest, use a scalpel
to transect the vertebral column and spinal cord several segments above the
desired region and begin working downward from the new cut point. For
instance, transect the vertebral column and canal at the midthoracic region
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if the lower thoraci-upper lumbar spinal cord is desired. In this way, the dis-
section process can be considerably shortened. Once the vertebral canal
has been completely exposed, nerve rootlets should be visible. Cut the
nerve rootlets with iridotomy scissors to remove the spinal cord. Even if
the entire cord is being removed, take it in at least three to four portions
rather than all at once to avoid damage. If recovery of the dorsal root gan-
glia is desired, meticulously dissect all muscle and soft tissue surrounding
the vertebral canal. Place the spinal cord into fresh 4% paraformaldehyde
fixative for at least 2 h and up to 24 h at 4°C to postfix tissue for optimal
cutting.

After postfixation, transfer the brain or spinal blocks, or brain slices to
buffered 30% sucrose at 4°C for 24—72 h before sectioning on a cryostat
(Subheading 3.4.1.). When the sucrose has fully infiltrated the tissue, the
brain or spinal cord blocks will sink in the 30% sucrose. The sucrose pre-
vents ice crystals from tearing the tissue when it is frozen for sectioning.

3.4. Preparation and Processing of Brain and Spinal Cord Sections

3.4.1. Cutting Frozen Sections

Cut the brains in sagittal, transverse, or coronal planes, depending on the re-

gion of study. Note that the sections are made from the bottom face of the block
upward. We advise cutting spinal cords in cross section rather than in other
planes, in order to visualize all of the lamina.

3.4.1.1. PREPARATION

1.

Put blocked brains and spinal cord in Peel-a-way molds and cover with
OCT. If the blocks can stand erect without support, the tissue molds can be
placed directly into —80°C freezer until cutting.

Tissue blocks with only a small flat surface (such as spinal cord or blocks
of cerebrum) will not stay upright for the time it takes the OCT to freeze at
—80°C. For these, make a bath of dry ice and 95% ethanol, and hold the
tissue blocks upright with forceps until they are frozen in place before
transferring to the at —80°C freezer.

. Store OCT-blocked brains indefinitely at —80°C until sectioning. We find

it helpful to place paper labels underlying the OCT and extending to the
outside of the Peel-a-way molds with identifying data about the speci-
mens.

3.4.1.2. SECTIONING

L.

Fully cool the cryostat to equilibrium temperature before sectioning. Trans-
port frozen brain blocks on dry ice from storage to the cryostat. Peel the
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plastic mold away from the OCT-blocked brain and use OCT to freeze onto
the chuck of the cryostat.

2. Set cryostat thickness mechanically or electronically at 8-50 um, depend-
ing on the application. If sections are 20 um or thinner they can be trans-
ferred directly from the cryostat stage onto glass slides (two to three sec-
tions can be placed on one slide). Keep slides in the cryostat while cutting
to keep the tissue at a freezing temperature, then transfer the slides to slide
boxes and store at —20°C or at least —4°C until processing. For both thick
and thin sections, use Fisher Superfrost slides or other coated slides that
will tightly adhere to sections, otherwise, sections will float away during
histochemical processing.

3. For thicker sections (20-50 um), use forceps to grab an edge of the section,
and quickly place them into a well of a 24-well tissue-culture dish filled with
PBS. Keep thick sections in PBS with 0.2% azide at 4°C if they are not going
to be mounted right away. To mount thick sections, float them in a Petri dish
with PBS; using a thin paintbrush, gently pull them onto the slide. With
practice, up to 20-30 brain sections can be mounted onto a single slide; the
trick is to hold up the slide to drain off buffer after mounting each section be-
fore mounting another. Expensive paintbrushes from microscopy compa-
nies are available, but in our experience cheap paintbrushes from general
merchandise outlets work just as well.

4. Air-dry thick sections for at least 4—6 h before doing histochemical pro-
cessing (Subheading 3.4.2.).

5. If histochemical processing is to be done within 1-2 wk, keep the sections
refrigerated at 4°C; if a longer delay is anticipated, freeze the sections at
—20°C, but histology may be suboptimal.

3.4.2. B-Galactosidase Histochemistry

All processing should be done with glass or plastic slide holders and con-
tainers, as transition metals in the X-gal mix may react with metal slide hold-
ers. For small numbers of slides we prefer 100-mL glass Coplin jars. For large
numbers of slides, plastic slide holders that fit into plastic 200 mL rectangular
containers work well. Up to 48 slides can be placed back to back in a 24-slide
holder that fits into the rectangular containers; 200 mL of solution should be ad-
equate for each step.

1. Rinse slides twice with cold PBS. Make X-gal staining solution by adding
X-gal substrate at a dilution of 1/40 (5 mL of X-gal substrate to 200 mL for
48 slides) to the KC mixer.

2. Transfer the slides to the freshly made staining solution (this X-gal/KC mix
cannot be made up in advance), and cover the container with aluminum foil
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to keep out light. Incubate at 37°C for 4 h. Do not use a tissue culture in-

cubator. A general bacterial incubator works well. Alternatively, a walk-in

warm room can be used.

Rinse slides three times in PBS, room temperature.

Air-dry slides overnight.

5. If counterstaining is desired, rinse in neutral red for 40 s, wash twice with
ddH,O, and air dry overnight for identification of landmarks. We find it
helpful to counterstain only a portion of the sections, while saving the rest
for detection of B-gal positive cells.

6. Overlay the slides with Permount, cover with glass coverslips, and lay
slides flat for at least another 24 h before putting into storage. Some inves-
tigators dehydrate slides in alcohol and clear with xylenes prior to cover-
slipping, but this often decreases the intensity of the B-gal stain. If clearing
is desired, use Histoclear in place of xylenes, as the X-gal reaction product
is fairly soluble in xylene.

w

3.4.3. Whole Mount B-Galactosidase Histochemistry

This protocol is adapted from Ooboshi et al. and Ooboshi et al. (35,47). Al-
though the fixative concentration in these reports was 2% paraformaldehyde
with 0.2% glutaraldehyde (see Note 6), we have tested the whole mount proto-
col on mouse brain using 4% paraformaldehyde (Davidson lab, unpublished ob-
servations).

1. Prepare KC mixer, X-gal substrate and PBS and 4% paraformaldehyde in
advance as described in Subheading 3.4.2.

2. After fixation, remove and save the 4% paraformaldehyde fixative, rinse
brains twice in room temperature PBS, and then transfer brains to KC mixer
with 1/40 X-gal substrate as described in Subheading 3.4.2. at 37°C for 4
h. A bright blue stain will appear on the surface of meninges and cerebral
blood vessels.

3. Rinse brains again in PBS and save in the original 4% paraformaldehyde
fixative at 4°C until photographed.

4. If desired, cryoprotect the wholemount brains in 30% sucrose (Subhead-
ing 3.3., step 14) and then cut sections on a cryostat. Re-stain the individ-
ual tissue sections for -gal histochemistry (Subheading 3.4.2.).

4. Notes

1. In prior work we compared manual injections to microprocessor controlled
injections (48). Multiple vector systems were tested. The mechanical in-
jector had significantly greater efficiency of gene transfer and decreased
intra-animal variability for all vectors evaluated. Over the past 5 yr, all of
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the members of the Davidson laboratory have had similar experience, and
for this reason we suggest using mechanical injectors and automated con-
trols except for intramuscular (im) and cerebellar injections. Intramuscular
injections are done completely manually with syringes, whereas for cere-
bellar injections we recommend using the mechanical injection but under
manual control, delivering 1 pL over the course of 2-3 min. We have also
found certain other steps helpful in making vector injections go more
smoothly. We routinely use separate cages for anesthesia with the remain-
ing animals removed from the anesthetized ones. To anesthetize mice and
rats, we pick them up by the tail and let the animal grasp the top of the cage
with the forepaws. We administer the anesthetic ip and put the animal into
a second cage to allow the anesthetic to take effect (usually 10-15 min). It
has been our experience that placing newly anesthetized mice and rats back
into the original cage causes the other animals to become very agitated. For
the same reason, we advise a separate recovery cage once the animals have
been taken off the warming lamp.

2. Cyclosporine administered to rats at a dose of 20 mg/kg allowed for the de-
velopment of significantly reduced immune responses to Ad5 subsequent
to injection into the hypothalamus (45). There is no direct example of cy-
closporine attenuating the immune response against Ad vectors in mouse
brain models, but Petrof and co-workers prolonged expression of Ad5 -gal
in muscle of mice with cyclosporine at a dose of 15 mg/kg (46). Also, Di
Polo and colleagues extended expression of Ad5 brain-derived neu-
rotrophic factor in retina of rats using the transplant drug FK-506 at 1
mg/kg (49). In addition to chemical immunosuppression, intrathymic inoc-
ulation may prolong Ad transgene expression. DeMatteo et al. (50) demon-
strated that an injection of 1 pul. of Ad5 expressing B-gal to each thymus
lobe of 3-d-old C57Bl/6 mice attenuated the cytotoxic T lymphocyte re-
sponse against subsequent liver administrations of Ad5 B-gal. Hepatocytes
expressed [-gal out to 240 d, whereas mice not receiving intrathymic Ad5
lost transgene expression by 30-60 d (50). In theory, this same procedure
could work to prolong Ad transgene expression in brain and spinal cord.

3. Ghodsi et al. (51) administered 3 mL of mannitol per 100 g of body weight
to mice 10 min before injecting 5 pLL of AdS vector in the lateral ventricle.
In the mannitol treated animals, there was scattered transduction of cells in
the neuropil surrounding the ventricles; without mannitol, intraventricular
injections result in ependyma transduction only.

4. In Nilaver et al., Ad5 expressing f-gal was injected into human lung car-
cinoma tumors implanted into nude mice. Up to 20% of tumor cells could
be transduced by the vector (36). Colak and colleagues tested a tumorici-
dal model of gene therapy, using AdS to express thymidine kinase from
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herpes simplex virus within spinal gliosarcoma cells that had been injected
into the rat spinal cord. Subsequent treatment with Ganciclovir for 6 d
completely eradicated tumors in all treated animals in the short term (18 d
after injection). Of the five animals followed out to 6 mo, two were tumor-
free (36).

Injections of AdS expressing [3-gal into the cisterna magna of mice and rats
resulted in intense (3-gal staining of the ventral surface of brain (33,35).
Furthermore, cisternal injection can also lead to vector distribution and
gene transfer on the pia mater of the spinal cord (34).

Published techniques from the literature for -gal and B-glucuronidase his-
tochemistry following Ad5 gene transfer in the brain use fixative concen-
trations of 2—4% paraformaldehyde; sometimes 2% paraformaldehyde is
combined with 0.2% glutaraldehyde. In the experience of the Davidson lab-
oratory, both 2% and 4% paraformaldehyde work equally well. Even for
whole-mount processing, 4% paraformaldehyde with no glutaraldehyde
has produced good results. We recommend starting with 4% paraformalde-
hyde without glutaraldehyde in the protocols listed, with subsequent opti-
mization depending on the histologic stains being used, or the antigens
being evaluated.
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Adenovirus-Mediated Gene Transfer to Tumor Cells

Manel Cascall6 and Ramon Alemany

1. Introduction

Cell transduction in vitro is only the first step toward proving that a gene-
therapy vector can be useful to treat tumors. However, tumor targeting in vivo
is now the milestone for gene therapy to succeed against disseminated cancer.
Therefore, most valuable information is obtained from studies of vector biodis-
tribution. Owing to the hepatotropism of adenoviral vectors, a particularly im-
portant parameter is the tumor/liver ratio. This ratio can be given at the level of
gene expression if the amount of transgene expression is measured. To optimize
the targeting, however, the levels of viral particles that reach the tumor com-
pared to other organs must be studied. Most of this chapter deals with methods
to quantify the virus fate in tumor-bearing animals. We present a radioactive la-
beling method that can be used to study biodistribution. After a small section
dealing with tumor models, we describe methods to quantify different parame-
ters related to adenovirus-mediated tumor targeting.

Multicellular tumor spheroids have been developed as an attempt to design
in vitro systems that take into consideration the cellular heterogeneity associ-
ated with the three-dimensional arrangement of solid tumors (1). Different
methods can be used to generate tumor spheroids. We describe one of the most
widely used, the liquid-overlay technique, which is based on the culture of cells
or pieces of tumors obtained from surgical operations in dishes covered with a
nonadhesive surface. In vivo, subcutaneous (sc) implantation of tumor cells in
nude mice constitutes an easy way to evaluate the potency of different antitu-
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moral approaches. The inability of nude mice to develop a complete immune
response to xenotransplants provides a method to generate human tumor mod-
els of different origin with a rate of acceptance close to 100%. Moreover, the
accessibility of the tumor has contributed to the broad use of this technique. The
main limitation of the model lays in the poor vascularization of the sc tissue,
which impairs tumor spreading. Orthotopic transplantation of solid fragments
of human tumors in nude mice allows implantating tumors into the same phys-
iological environment where the tumor cells arise (2). In this site, the cells re-
produce their pattern of local growth and distal dissemination, providing a more
realistic approach to the behavior of cancers in vivo.

Regarding the delivery of the vector, direct delivery into tumors via intratu-
moral injection is straightforward and is not presented here. It is worth men-
tioning that these injections should be done in a small volume (20 pL) and that
repeated injection often leads to leaks, making it difficult to quantitate the
amount of vector actually delivered. We have, however, focused on systemic de-
livery to tumors. In these protocols, two important parameters need to be deter-
mined: vector clearance and biodistribution (3). Besides the detection of a prela-
beled vector, the distribution of vector among different organs can be
determined at the level of DNA or gene expression. Here we present quantita-
tive polymerase chain reaction (PCR) and luciferase-detection methods to as-
sess these parameters.

In rodents and monkeys, the liver is the main organ to be analyzed for toxicity
of adenoviral vectors. In contrast, in other animals, toxicity may be reflected in
other organs such as lungs in pigs (4). Hematoxilin-eosin staining of these two
organs to check for neutrophil infiltration is a good way to monitor toxicity. Be-
sides the measurement of transaminase levels that we present to check for he-
patic toxicity, other parameters may be monitored such as clotting alterations, a
drop in blood oxygen levels, or a rise in blood ammonium levels because these
may be associated with adenovirus administration. In rodents, an acute toxicity
phase has been observed 2 d postinjection and another delayed toxicity phase re-
lated to specific immune responses at 1 wk postinjection. As an initial approach,
a d 5 measure would give a good estimation of overall toxicity.

Finally several methods dealing with replication-competent vectors are pre-
sented. The understanding of viral and cancer biology has progressed in such a
way that it has been possible to develop viruses that replicate selectively in
tumor cells by genetic engineering (5). These approaches eradicate tumors as a
consequence of virus replication. Moreover, replication also allows the ampli-
fication of the initial viral load by progeny viruses released after cell lysis. The
oncolytic potency of these vectors is usually assessed by quantification of the
extent of the cytophatic effect (CPE) in cultures of permissive cells. Staining of
attached cells (crystal violet method) or assaying the total protein content (BCA
protocol based on the method of O’Carroll et al. [6]) are used to determine the
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extent of the potency of these kinds of vectors. In vivo, the viral load present in
a tumor is also an indication of the capacity of replication. Because hexon from
the administered virus is degraded within a few days and cannot be detected,
hexon staining may also reveal whether viral replication has occurred. Hexon
detection can be performed by immunohistochemical methods or by FACS
analysis of tumor digests.

2. Materials

L.

2.

10.

11.

12.

13.

32P orthophosphate carrier free, methyl-3H thymidine (Amersham Pharma-
cia Biotech, Piscataway NJ).

Luciferase cell lysis reagent: 25 mM glycylglycine, pH 7.8, 15 mM MgSO,,
4 mM EGTA, 1 mM dithiothreitol (DTT), 1% Triton X-100.

. Luciferase assay reagent: 25 mM glycylglycine, pH 7.8, 15 mM MgSO,, 4

mM EGTA, 1 mM DTT, 15 mM K,HPO,, pH 7.8, 2 mM ATP, 60 ug/mL lu-
ciferin (Promega, Madison, WI).

. Luminometer (e.g., Monolight 2010 Luminometer, Analytical Lumines-

cence Laboratory, Ann Arbor, MI).

. 2X PCR Master mix (Applied Biosystems Inc., Foster City, CA, Cat. no.

4304437).

Male BALB/c nude mice, weighing 23-27 g. Animals must be housed in a
sterile environment; cages and water should be autoclaved, and bedding and
food, should be y-ray sterilized.

Prolene 6-0 suture for surgical application.

. Cell lines and media: the cytopathic effect (CPE) provided by replicative

adenoviral vectors can be evaluated in many standard human cell lines de-
pending on the specificity of the replicative vector. 293 cells are commonly
used because they are readily infected by adenovirus. Standard growth
media, such as Dulbecco’s modified Eagle’s medium (DMEM), supple-
mented with 10% heat-inactivated fetal calf serum (FCS) is used for CPE
determination by the crystal violet protocol. Use DMEM + 0.5% heat in-
activated-FCS when assaying CPE by the BCA method.

. Fixation solution: Dissolve 4 g of paraformaldehyde in 100 mL of PBS by

heating to 65-70°C. Prepare in a fume hood just before use.

Crystal violet solution: 0.2 g of crystal violet dissolved in 100 mL of dis-
tilled water.

Bio-Rad DC Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA, Cat.
no. 500-0112).

Working solution for BCA™ assay: mix 50 parts of BCA Reagent A (Pierce
Chemical, Rockford, IL) with 1 part of BCA Reagent B. Prepare just be-
fore use.

Real-time thermal cycler (e.g., ABI PRISM 7000 Sequence Detection Sys-
tem, Applied Biosystems).
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14. GPT-GOT Transaminase detection kit, containing GPT and GOT substrates
and color reagent (Sigma, St. Louis, MO, Cat. no. 505-OP).

15. Blocking solution for hexon detection: 20% goat serum (Sigma, Cat. no.
G9023).

16. Primary antibody for hexon detection: PAb a-hexon (Chemicon, Temecula,
CA, Cat. no. MABS8052).

17. Secondary antibody for hexon detection: FITC-conjugated goat anti-mouse
antibody (Chemicon, Cat. no. AP124F).

18. Pepsin solution: Dissolve 0.1 g pepsin (2000-2400 U/mg protein; ICN Bio-
medicals Inc., Costa Mesa, CA) in 100 mL of PBS. Adjust pH to 7.5.

19. Two-step sucrose gradient: prepare 10 mL of 60% sucrose in PBS, and 10
mL of 50% sucrose in PBS. Layer 0.8 mL of a 60% solution and 0.8 mL
of a 50% solution into 50-mL conical tubes.

20. Vindelgv’s propidium iodide (PI) solution: 50 pg/mL PI, 10 mM NaCl, 10
pg/mL RNAse A (DNAse free), 0.1% Igepal CA-630, 10 mM Tris-HCI,
pH 8.0.

21. Scintillation cocktail: EcoLume (ICN Biomedicals, Inc.).

22. Tissue-Tek OCT compound (Miles Scientific, Naperville, IL).

23. CsCl solutions for virus purification: 1.5 g/mL CsClI solution in PBS (for
500 mL add 335 g of CsClI to 410 mL of PBS), filter-sterilized. From this
solution prepare a 1.35 g/mL solution and a 1.25 g/mL solution by mixing
69 mL or 49 mL with 31 mL or 51 mL of PBS, respectively.

24. Sucrose solutions for virus purification: 20% sucrose and 80% sucrose,
each in 10 mM Tris Hcl, pH 8.0, +1mM EDTA.

3. Methods
3.1. Radioactive Vector Labeling

We next describe the use of radioactive vector in vivo to study biodistribu-
tion. Vector labeled in this way is also commonly used to study binding or traf-
ficking in vitro (7). Generally, 32P-labeled virus is used for biodistribution as-
says in vivo and 3H-labeled virus is used for assays in vitro. Alternatively, Cy-3
labeling as described in Leopold et al. (8) coupled to fluorescence microscopy
detection could be used to avoid the use radioactivity. However, in vivo biodis-
tribution studies are limited by sensitivity and only cells that bind large amounts
of virus such as Kupffer cells can be observed. Specific activity should be about
10—4 cpm per virion in both methods. The labeled vector is used for biodistrib-
ution studies following systemic administration as described in Subheading
3.3.1. and detected as described in Subheading 3.3.3.

1. Inoculate 293 cells into 150-mm tissue-culture plates so that they will be
80-90% confluent at the time of infection. Usually we inoculate 5 X 10¢
cells in 25 mL of DMEM-10% FCS to each plate to be ready for the next
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day. One 90% confluent 150-mm plate contains about 2 X 107 cells. We es-
timate a yield of 5000 viral particles (vp) per cell. Usually twenty 150 mm
plates will yield about 2 X 1012 vp, enough for an in vivo experiment if we
consider injecting up to 10!! vp/mouse.

2. Without changing the medium, infect cells by adding three plaque-forming
units (PFU) of purified vector per cell (multiplicity of infection [MOI] = 3).

3. One day postinfection, add 125 uCi of 32P orthophosphate carrier free or 1
mCi of methyl-3H thymidine to the 25 mL of medium. In case of 32P la-
beling, replace the medium with phosphate-free medium before adding the
isotope to achieve a higher specific activity medium.

4. When the cytopathic effect is complete (usually at 2 d postinfection), har-
vest the virus by removing most of the media, then scraping the cells and
transferring the remaining medium and cells into 50-mL tubes. Freeze-thaw
the tubes three times.

5. Remove the cell debris by centrifugation at 1000g for 5 min. Purify the la-
beled virus by centrifugation on a CsCl step gradient or a continuous su-
crose gradient.

3.1.1. Virus Purification on a CsCl Gradient
The CsCl purification method is the most frequently used.

1. In an ultracentrifuge tube (e.g., Beckman No 344060, 14 X 95 mm, Ultra-
clear), add 0.5 mL of 1.5 g/mL CsClI solution. Carefully overlay 2.5 mL of
the 1.35 g/mL solution, then 2.5 mL of the 1.25 g/mL solution. On top of
this step gradient, add 6 mL of the cleared crude extract and centrifuge at
150,000g (35,000 rpm in a SW40Ti rotor) for 4 h at 10°C.

2. A major lower virus band is observed between the 1.25 and 1.35 g/mL lay-
ers. Usually another upper band corresponding to immature virus can be
observed. Remove the top of the gradient until within a few millimeters of
the lower band. Collect this band with a pipet and bring the volume to 11.5
mL with the 1.35 g/mL CsCl solution.

3. Load the mix into a centrifuge tube and centrifuge at 150,000g (35,000 rpm
in a SW40Ti rotor) for 16 h at 10°C.

4. Collect the virus band and dialyze twice against PBS and once against
PBS/10% Glycerol. Aliquot and store at —80°C.

3.1.2. Sucrose Gradient Centrifugation

The sucrose method is faster and does not need dialysis, therefore better pre-
serving the bioactivity of the virus.

1. Prepare a continuous sucrose gradient in an ultracentrifuge tube using 3.2
mL of 20% sucrose and 3.2 mL of 80% sucrose, each in 10 mM TE, pH
8.0.
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2. Carefully layer 6 mL of the cleared, crude extract onto the top of the gra-
dient and centrifuge at 80,0009 (26,000 rpm in a SW40 Ti rotor) for 2 h
at 4°C.

3. Collect the virus band (2 mL) and load it onto a second continuous gradi-
ent prepared from 4 mL of each sucrose solution. Centrifuge for 5 h as be-
fore. Collect the virus band. Aliquot and store it at —80°C.

3.2. Three-Dimensional Tumor Models

Diffusion and penetration barriers are greatly responsible for the poor effi-
cacy of cancer gene therapy in a clinical setting (9). Spheroids of tumor cells
represent an in vitro model to study adenovirus-mediated gene transfer and on-
colysis that takes into account these barriers. As we describe next, spheroids
can be derived from cell lines in culture or from pieces of tumors (10-12). Most
epithelial-derived tumor cell lines will easily form spheroids. Spheroid forma-
tion from fresh tumor pieces will be more dependent on the quality of the spec-
imen.

3.2.1. Tumor Spheroids Derived from Cell Lines

1. Prepare four 75 cm?2-flasks bottom-coated with agarose: Weigh 3 g of
agarose with a melting temperature above 83°C in a 500 mL screw-cap
glass bottle and add 100 mL of sterile water. Autoclave for 15 min at 105°C
and keep on a heated plate at 100°C. Add 100 mL of 37°C pre-warmed 2X
cell culture medium (2X DMEM + 20% heat-inactivated FCS + L-gluta-
mine + 0.5% gentamycin). Mix and add 4 mL to each 75 cm? flask. Gen-
tly, rock the flask during the coating to distribute uniformLy. Let the coated
material set for 1 d at room temperature. Store at 4°C.

2. Trypsinize a confluent cell monolayer in a 75 cm2?-flask with 3 mL of
trypsin/EDTA. Resuspend cells in 10 mL of medium + 10% heat-inacti-
vated FCS + 0.5% gentamycin. Determine the cell density and dilute to 1
X 106 cells/mL

3. Distribute 5 mL of cell suspension (5 X 106 cells) in one agarose-coated
flask (“high concentration” flask) and 1 mL (1 X 106 cells) in the other
agarose-coated flask (“low concentration™ flask).

4. Add medium to bring the liquid volume to 20 mL.

5. Incubate in a humidified incubator at 37°C with 5% CO, until the aggre-
gates become well-rounded, compacted and regular in shape (normally 4-5
d for “high concentration” spheroids, 1 wk later for “low concentration”).

6. Using a Pasteur pipet transfer the incipient spheroids to a clean bottom-
coated agarose flask, avoiding single cells that have not formed aggregates
and irregularly shaped aggregates.

7. Keep in culture with the appropriate medium changes until they reach the
desired dimensions (usually spheroids with a diameter of 0.4-0.5 mm are
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suitable for most gene transduction and oncolysis measurements form in
2-3 wk).

3.2.2. Tumor Spheroids Derived from Fresh Material

L.

oW

Prepare 48-well plates bottom-coated with agarose as indicated in Step 1 of
Subheading 3.2.1. Add 0.1 mL of the agarose-culture medium mix to each
well. Store at 4°C.

Collect tumor material as fresh as possible from surgical interventions, if
possible from non-necrosed well-vascularized areas of the tumor, and trans-
port it on ice in a tube partially filled with DMEM + 10% heat-inactivated
FCS + 0.5% gentamycin.

. In a tissue-culture hood, transfer a small piece of tumor (about 5 mm of di-

ameter) into a plastic culture dish containing 5 mL of DMEM + 10% heat-
inactivated FCS + 0.5% gentamycin.

Crossing two surgical blades, cut the piece of tumor into smaller pieces
(0.4-0.8 mm in diameter).

Fill the wells of the agarose-coated 48-well plate with 0.5 mL of medium.
Transfer one piece of tumor to each well with a 5-mL pipet.

. Store the plates in a humidified incubator at 37°C and 5% CO, until the

spheroids form. This time is quite variable, from 1 to 3 wk depending on
tumor type and proliferation rate.

3.2.3. Subcutaneous Tumors in Nude Mice

1.

2.

Prepare the tumor cell line as an in vitro exponential-phase cell culture at
80-90% confluence in 175 cm?- flasks.

Trypsinize the monolayer with 5 mL of trypsin/EDTA per flask. Neutralize
the trypsin with 1 volume of medium-10% FCS and harvest the cells. Re-
move an aliquot for cell counting. Pellet the cells (5009 for 5 min) and re-
suspend them at 5-20 X 106 cells/150 pL in sterile PBS. Maintain at room
temperature.

. Use 4- to 6-wk-old male BALB/c nude mice; label the animals properly

(ear punctures).

. Subcutaneously inject 150 pL of cell suspension into the flank of each

mouse using a 0.5—1 cc syringe with a 25 G needle (see Note 1). Injecting
the needle horizontally into a portion of skin raised between your fingers
helps to prevent crossing the connective layers under the skin. A contained
bubble of liquid while injecting should be noted between your fingers. No
resistance or bleeding should occur.

Return the animal to the cage and monitor tumor implantation by palpating
animal flanks regularly. The time necessary for tumor implantation is highly
dependent on tumor cell type, and it can be adjusted by modifying the num-
ber of cells injected.
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3.2.4. Orthotopic Implantation of Tumors in Nude Mice

The protocol we present starts from fresh biopsies of human samples or from
tumors previously generated in mice (subcutaneously or orthotopically) al-
though it should be noted that serial passages in mice can result in selection of
tumor cell types. Owing to the low/moderate rate of tumor xenograft implanta-
tion in orthotopic location, it is highly recommended that one piece of the same
tumor sample be implanted in a sc position. This sc implant provides a source
of tumor with a higher acceptance rate for subsequent orthotopic implantations.
This procedure has been successfully used with human pancreatic, hepatic, col-
orectal, and germinal tumors (13,14).

1. Rinse a piece of tumor from a surgical resection with PBS in a plastic cul-
ture dish. Cut the specimen with a surgical blade into small pieces of 10 mg
or 2 mm3. Place them in medium supplemented with penicillin, gentamy-
cin, and fungizone.

2. Puncture one piece with a Prolene 6-0 suture and leave the fragment sub-
merged in medium.

3. Use 4- to 6-wk-old male BALB/c nude mice; label the animals properly
(ear punctures).

4. Anesthetize the mice (see Note 2). Keeping aseptic conditions inside a lam-
inar flow hood, open the abdominal wall to access the desired organ. Very
carefully pull out the organ as much as possible.

5. Anchor tumor fragments to the organ through three surgical stitches. The
exact locus of tumor implantation is tumor-dependent, but the more irri-
gated the area of the recipient organ, the better the acceptance.

6. Place the organ with the implant back into the abdominal cavity.

7. Using a syringe without needle, inject 0.5—-1 mL of saline solution into the
abdominal cavity to help hydration.

8. Suture the abdomen.

9. Monitor tumor implantation by palpation twice a week. The time necessary
for tumor growth is highly dependent on tumor aggressiveness, tumor type,
and location of the implant. As a general rule, 1-2 mo should be considered
for aggressive phenotypes, whereas low to moderate tumors can appear 4
mo or later after surgical intervention.

3.3. In Vivo Delivery of Adenovirus Vectors to Tumors

3.3.1. Systemic Administration of the Vector

1. Use 6- to 8-wk-old male BALB/c nude mice; label the animals properly
(ear punctures).

2. Warm the animals with a lamp over the cage for 5 min.

3. Prepare the virus at the desired concentration in PBS at room temperature.
For most vectors and mouse strains, the Lethal Dose 50 is around 101!
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vp/mouse. Up to 1 mL can be injected, but 0.2 mL is the preferred volume.
Taking these parameters into account we usually prepare the virus at 2.5 X
101! vp/mL for a high dose. Load the virus in a 0.5- or 1-mL syringe, in-
sert a 28 G needle, and remove the air from the syringe.

. Immobilize the animal in a small chamber (see Note 3). For 25-35 g ani-

mals, a 50-mL conical tube with V-shaped cut next to the cap as a tail exit
and a hole at the bottom to allow breathing can be used.

Localize the tail veins at the sides of the tail and clean the tail with warm
water.

Inject the needle with the syringe as horizontal as possible. A site at three-
quarters the length of the tail towards the tip is a good point to start because,
in case of misinjection, it is possible to use the same vein closer to the an-
imal body. The needle should enter 2—3 mm into the vein.

. Start the injection slowly; the flow should be smooth. If resistance is no-

ticed or the injection site becomes white, it means that the solution is not
entering the vein.

. Upon retraction of the needle, the injection site should bleed if injection is

correct. Apply pressure for 30 s to stop bleeding and then return the animal
to the cage.

Alternatively, when tail bleeding is necessary after the injection, such as in

the pharmacokinetic studies described below, the injection can be done in the
cava vein:

9.

10.

11.
12.

13.
14.
15.
16.

Anesthetize the mouse and open the abdominal wall. Place a wet and warm
cloth on the side of the animal. Grasp the mouse intestine with rinsed and
wet gloves and lay it over the cloth to expose the cava vein that runs longi-
tudinally at the dorsal side of the cavity.

Prepare the virus as in step 3 above. Use a 30 or 30.5 G needle bent at a
45° to be able to insert the needle horizontally into the vein.

Insert the needle into the vein, then slowly inject the virus (200 uL).
Before retracting the needle, to aid clotting, place a small piece of surgicell
at the injection site and press it down with a cotton ball.

Remove the needle and keep pressure on the injection site for 1 min.
Remove the plug and put the intestine into the abdominal cavity.

Suture the abdomen.

Keep a small amount of virus from the syringe dead volume to determine
the titer at time 0.

3.3.2. Pharmacokinetics

1.

Prepare heparinized microfuge tubes by placing 5 puL of a heparin solu-
tion (200 U/mL) into the inner side of a microfuge tube cap and letting
it dry.
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2. At different times postinjection (1, 5, 10, 15, 20, 30, 45, and 60 min), bleed
the animal from the tail. To allow for repeated bleeding without pain, cut
the tail 1 cm from the tip; wash the tip with 200 U/mL heparin solution and
dry it with cloth. Control the bleeding by applying light pressure on the tail.
If clotting blocks the blood flow, the clot can be washed away with PBS. At
each time point, collect one drop of blood into a heparinized cap.

3. Centrifuge for 5 s to bring the blood to the bottom of the microfuge tube;
keep the tube on ice until all time points have been collected.

4. Spin down the cells briefly and take 1 puL of plasma to assay the virus con-
centration.

5. Virus concentration can be measured by PCR as described in Subheading
3.3.3.2. Alternatively the virus titer can be measured by plaque assay on
293 cells (see overview chapter). This infection-dependent assay is sim-
plified when the vector expresses GFP or another reporter gene by quanti-
fying transducing units as the number of cells transduced with 1 pL of
plasma.

6. Graph virus titer versus time to obtain the blood persistence curve. The
slope of the curve represents the clearance rate. The area under the curve
represents the effective dose for tumor targeting. About half of a nonmod-
ified vector is cleared from the bloodstream in less than 2 min (3).

3.3.3. Biodistribution
3.3.3.1. DeTECTION OF RADIOACTIVE VECTOR

1. Following the steps described for systemic administration of the vector
(Subheading 3.3.1.), inject up to 10!! vp of radioactive vector (Subhead-
ing 3.1.1.) per mouse.

2. At the desired time point postinjection, anesthetize (See Note 2) and sacri-
fice the animals (at least four animals per group with a negative noninjected
control). Usually we consider 90 min postinjection as a time point when all
particles have reach a stable destination. The assay, however, should also
be done at 48 h postinjection in order to compare it with the gene-expres-
sion profile.

3. Open the abdominal cavity, remove a small piece each organ (e.g., tumor,
muscle, lung, heart, intestine, kidney, fat, uterus, ovary, brain, spleen, and
liver) and place the tissue sample in a microfuge tube. Weigh the tissue. To
avoid contamination, wash the scissors between organs and leave the spleen
and liver as the last organs.

4. For detection of radioactivity, homogenize tissues or tumors in scintilla-
tion cocktail. A single use homogenizer can be assembled as described in
Note 8.
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5.

6.

Spin down tissue debris by centrifugation at 14,000g for 5 min and meas-
ure radioactivity of the cleared lysate in a liquid scintillation counter.
Graph radioactivity against amount of tissue. For liver, a nonmodified virus
should render about 10# dpm/mg.

3.3.3.2. QuanTiTAaTIVE PCR

Inject virus systemically (See Subheading 3.3.1.), then harvest the desired

organs (see Subheading 3.3.3.1.).

1.

Process the tissue using standard SDS-Proteinase K—Phenol/Chloroform
extraction: Digest 20 mg of tissue incubating overnight at 55°C with 1%
SDS, 100 mM NaCl, 50 mM Tris, pH 8.0, 15 mM EDTA, pH 8.0, and 0.2
mg/mL proteinase K. Add RNase A to 10 pg/mL and incubate 1 h at 37°C.
Extract the sample with phenol-chloroform twice and then add 2 volumes
of ethanol-2% sodium acetate to precipitate the DNA. Pellet the DNA by
centrifugation at 10,000g for 10 min. Resuspend the DNA in 10 mM Tris,
pH 8.0, 1 mM EDTA (see Notes 4 and 5).

. Quantify purified DNA by spectroscopy. Prepare the PCR reactions with

the same amount of sample DNA (50 ng). The differences between tissues
are in this way normalized.

. To obtain a standard curve for quantification, mix 50 ng of DNA from a tis-

sue such as a lung from a noninjected animal to prepare a serial dilution of
a known number of viral DNA copies (from 108 to 0).

. Primers to detect E4 are: forward 5'- CACCACCTCCCGGTACCATA, re-

verse 5'- GGGCTCTCCACTGTCATTGT, and the probe 5'- 6FAM-AAC-
CTGCCCGCCGGCTATACACTG-TAMRA (see Note 6).

. Prepare amplification reactions in triplicate according to specific TagMan

protocols (see Note 7): Mix 25 pL of 2X PCR Master mix, 5 uL of 3 uM
forward primer, 5 pLL of 10 uM reverse primer, 0.5 pL. of 10 uM FAM probe,
6 uL of 2.5 mM dNTPs, 3.5 puL of H,O, 5 uL of template (final volume =
50 uL).

Load the samples in the thermal cycler programmed as follows: 10 min at
50°C, 10 min at 94°C, followed by 40 cycles of 15 s at 94°C and 1 min at
60°C. Monitor the fluorescence resulting from the annealing of the probe
to the PCR products in real time (e.g., using an ABI 7000 thermal cycler).
(See Note 7.)

. Quantification is based on the cycle number where fluorescence first ex-

ceeds baseline (i.e., the threshold cycle, C)). Plot the C, of the various vec-
tor dilutions to obtain the standard curve. With this relation calculate the
vector concentration from the sample C. The sample with 108 wt viral
copies should have a C, around 14.
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3.3.3.3. Luciferase Detection

1. Following systemic injection of the virus (see Subheading 3.3.1.), anes-
thetize and sacrifice the animals at the desired time points (See Note 2; use
at least four animals per group along with a negative, noninjected control).
For biodistribution studies, transgene expression is normally measured at
48 or 72 h without significant differences within this period.

2. Remove a small piece (about 0.1 g) of each organ as described in Sub-

heading 3.3.3.1., step 3.

Freeze the tissue by placing the tube in a dry ice-ethanol bath.

4. Grind the tissues using a mortar pestle precooled on dry ice. Place samples
over a piece of paper in the mortar to avoid contamination. Transfer the
ground powder to a new microfuge tube (see Note 8).

5. Add 0.5 mL of luciferase cell lysis reagent to the ground tissue and incu-
bate in an orbital shaker at room temperature for 1 h (see Notes 8 and 9).

6. Spin down the undigested tissue and transfer 0.1 mL of clear supernatant
to a new microfuge tube.

7. For each sample, prepare one plastic tube appropriate for the luminometer
with 20 pL of clear supernatant.

8. Inject 100 uL of luciferase assay reagent and measure relative light output
(RLU) for 10 s in a luminometer (see Note 10).

9. To normalize the luciferase levels measure the protein content in each
cleared lysate using the Bio-Rad DC Protein Assay Kit. For a standard
curve prepare a serial dilution of bovine serum albumin (BSA) (1 mg/mL
to 0.0625 mg/mL) in luciferase cell lysis reagent.

10. Tonormalize, divide luciferase activity (RLU) by the amount (mg) of protein
in each 20 pL. sample of supernatant. For liver, an adenovirus vector with an
unmodified capsid containing the luciferase gene expressed from a strong
promoter (e.g., CMV) should render about 5 X 10¢ RLU/mg of protein.

(98]

3.3.4. Assessment of Toxicity by Transaminase Levels

1. At the desired time point after vector administration (e.g., 3 d), draw a small
amount of blood from the ocular vein or tail vein.

2. Collect blood in an heparinized microfuge tube (see Subheading 3.3.2.,
step 1).

3. Pellet the cells (5 s in a microfuge) and transfer 20 puL of serum to a new
microfuge tube.

4. Prepare a standard curve for GOT in the range of 0-104 IU/L and for GPT
in the range of 0-60 IU/L (see Note 11).

5. In a microfuge tube, mix 20 pL of GPT substrate with 4 puL. of serum or
standard GPT activity and incubate for 30 min at 37°C. In another set of
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microtubes, mix 20 pL of GOT substrate with 4 pL. of serum or standard
GOT activity and incubate for 1 h at 37°C.

Add 20 pL of color reagent and incubate 20 min at room temperature.
Stop the reaction with 0.2 mL of 0.4 M NaOH.

Read absorbance at 505 nm.

Prepare a standard curve is used to calculate the transaminase units of the
samples. As a reference point, the normal levels of alanine aminotransferase
(GPT) and aspartate aminotransferase (GOT) in mice are around 13 IU/L
and 36 IU/L, respectively. An injection of 5 X 1010 vp wild-type adenovirus
raises these levels 100-fold by d 3.

\© % N o

3.4. Special Methods for Replicative Vectors
3.4.1. Detection of Cytopathic Effect (CPE)

The replication efficacy of a replication-competent vector is expected to cor-
relate with its oncolytic potency. One way to quantify this parameter is to meas-
ure the amount of virions produced from an infected tumor cell (burst size)
using a standard plaque assay in 293 cells from the supernatant or cell lysate of
infected cells. Alternatively, the replication efficacy can be measured as the pro-
gression of cytophatic effects through a population of tumor cells (cultured as
monolayers, spheroids, or tumor models as described in Subheading 3.2.). As
a negative control for tumor-specific replication, normal human epithelial cells
should be used (e.g., primary human hepatocytes or bronchial epithelial cells
from commercial sources such as Clonetics Corp, San Diego, CA).

3.4.1.1. CPE DeTecTION BY CRYSTAL VIOLET

1. Two to three days prior to use, seed the tumor cells (or normal control cells)
to be analyzed for replication sensitivity in 24-well plates (0.7 mL of
medium with 10% FCS per well) so that cells are 80-90% confluent when
used.

2. Infect cells with six serial dilutions (10-fold) of virus (0.3 mL/well) in du-
plicate wells. The initial concentration should be around 10,000 vp/mL.

3. Incubate infected cells for 8 d in a humidified incubator at 37°C with 5%
CO,. This time should be empirically determined because different cell
types and viruses can differ in their capacity to undergo cytopathic effect.

4. Aspirate the media carefully without disturbing the cell monolayer and
wash the wells once carefully by adding 1 mL of PBS. Aspirate the PBS.
Carefully add 1 mL of fixation solution and incubate for 20 min at room
temperature.

5. Wash twice with distilled H,O. Stain with crystal violet solution for 5 min
at room temperature. Wash twice again with distilled H,O. The stained cells
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(blue color) indicate lack of cytotoxicity and therefore a low replication ef-
ficacy. This assay is a semi-quantitative assay for CPE: there should be a
gradual decrease from a completely blue well (no CPE) to a transparent,
unstained well (complete CPE).

3.4.1.2. CPE Detection by Protein Content (BCA Method)

1. Seed tumor cells (or normal control cells) to be analyzed for replication
sensitivity in 96-well plates (30,000 cells in 0.1 mL of medium with 0.5%
FCS per well). Incubate overnight in a humidified incubator at 37°C with
5% CO,.

2. The following day, prepare 11 serial (five-fold) viral dilutions in DMEM +
0.5% FCS from a stock at 1000 PFU/cell.

3. Add 50 pL of each dilution into wells in triplicate without aspirating the
medium.

4. Incubate infected cells for 4-5 d at 37°C, 5% CO,. This time should be em-
pirically determined because different cell types and viruses can differ in
their capacity to produce cytopathic effect.

5. Carefully remove the media containing the dead/floating cells by aspira-
tion.

6. Add 200 pL/well of working reagent for BCA assay. Shake the plate gen-
tly for 1 min to dissolve the cell membranes.

7. Cover the plate and allow the color to develop for 30 min at 37°C.

8. Measure absorbance at 562 nm on a plate reader (wavelengths from 540—
590 nm can be used).

9. Subtract the average reading of the blank standard replicates (wells con-
taining no cells) from all other well replicates.

10. Plot the results as a percentage of protein content with respect to uninfected
controls against virus dilution.

11. The titer (CPE U/mL) is the dilution factor where the protein content drops
50% multiplied by 1.5 X 104 (number of cells corresponding to 50% of the
total) and divided by 0.05 (volume in mL of the viral solution used). For
example, from a viral solution of 3 X 1010 PFU/mL we expect a curve that
drops to 50% of protein content at the 105 dilution.

3.4.2. Evaluation of Viral Load in Tumors by Hexon Detection
Using FACS

Hexon staining by immunohistochemistry has been described as a method to
detect virus replication inside tumors (15,16). Here we present an alternative
method intended to obtain quantitative results.

1. Establish tumor spheroids or tumors in vivo following the protocols de-
scribed in Subheading 3.2. and treat them by intratumoral injection or sys-
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o

10.

11.

12.

13.

14.

temic administration (Subheading 3.3.) of a replication-competent aden-
ovirus vector.

. At the desired experimental time posttreatment, sacrifice the animal in a

CO, chamber and excise the tumor. An optimal time point to detect repli-
cation in a given tumor nodule is when its size decreases.

Embed-freeze tumors in OCT: place the sample on a plastic cryomold and
cover it with OCT embedding compound; snap-freeze the sample by plac-
ing the cryomold on dry ice or on the surface of liquid nitrogen.

Using a microtome, cut the whole tumor in 100-200 pm sections and place
them in a conical tube with 10 mL of PBS. Leave tumor sections settle for
30 min.

. Carefully decant PBS and add 1.5 mL of pepsin solution previously warmed

to 37°C (see Note 12). Vortex the sample for 10 s.

Digest the tumor slices at 37°C for 30 min, shaking the tubes every 5-10
min. Longer incubations could result in loss of cell integrity.

Filter the cell suspension through a 52 pum pore size nylon mesh.

Pellet the cells by centrifugation for 25 min at 500g (see Note 13).

. Aspirate and discard the supernatant. Resuspend the cellular pellet in 0.5

mL of DMEM + 10% FCS. Count an aliquot in a hemocytometer. Trans-
fer 5 X 105-1 X 106 cells to a microfuge tube.

Pellet the cells in a microfuge for 5 min at 500g. Resuspend the pellet in
0.5 mL of goat serum and incubate for 30 min at room temperature with
continuous shaking to block nonspecific binding of the primary antibody.
Pellet the cells as in step 10. Resuspend the pellet in 100 pL of primary an-
tibody against hexon diluted 1:500 in Tris-buffered saline with 0.5% Tween
(TBST). Incubate 30 min at RT with continuous shaking.

Pellet the cells as in step 10. Wash twice with 1 mL of TBST and resus-
pend in 100 pL of FITC-conjugated goat anti-mouse secondary antibody
diluted 1:200 in TBST. Incubate for 30 min at room temperature with con-
tinuous shaking.

Pellet the cells as in step 10. Wash twice with 1 mL of TBST and resus-
pend in 500 pL of Vindelgv’s PI solution.

Read fluorescence in a FACS. The positive (infected) cells will be detected
as a rightward shifted peak on the fluorescence intensity axis.

4. NOTES

1.

2.

Usually two tumors are generated in the flanks of one mouse by subcuta-
neous injection.

Suggested anesthesia: Ketamine 80-100 mg/kg/xylazine 10 mg/kg injected
intraperitoneally (ip). Administer 5 min before tumor implantation.
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10.

11.

12.

13.
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. Tail vein injection is the common method to administer the vector system-

ically into mice. With practice, the procedure is not stressful or painful for
the animals and anesthesia should be avoided.

. Alternatively, use commercial DNA extraction methods such as DNAzol

from Invitrogen or DNeasy tissue kits from Qiagen.

An alternative way to minimize differences in DNA recovery from differ-
ent tissues is to avoid DNA purification. In this case, digest the small piece
of tissue at 56°C for 1 h with 20 mM EDTA, 0.1% SDS, 2 mg/mL pro-
teinase K, incubate at 90°C for 10 min to inactivate the proteinase. The re-
sults are then normalized using the tissue weight instead of the DNA
amount.

Alternatively, detect IVa2 with forward 5’-GAACCACAGCACAGTGTAT
CC and reverse 5’-GGCCCATTGCCATCATTATG primers, and probe 5’-
6FAM- TGACCTCCAAGATTTTCCATGCATTCG-TAMRA.

. Alternatively, if a thermal cycler capable of real time fluorescence detec-

tion is not available, label the 5° end of the forward primer with Cy5 and
perform a regular PCR in combination with the reverse primer. Run the
PCR product on a gel and quantify using a fluorescence imager.

. Alternatively thaw samples and add 0.2 mL of luciferase cell lysis reagent

to the microfuge tube. Homogenize the samples in the microfuge tube with
a pestle. A single-use pestle can be assembled by attaching the bottom part
of a 0.5-mL microtube to a blunted blue tip. After homogenization, add an
additional 0.3 mL of cell lysis reagent.

Luciferase cell lysis and assay reagents with a different formula can be pur-
chased from Promega (Madison, WI).

If readout is high, check that the detection level of the luminometer has not
been saturated reading the sample after a 10-fold dilution in lysis reagent.
The readout should be 10-fold lower. Otherwise, dilute the sample again
and consider the result valid only when a proportional dilution results in a
decrease in RLU. Calculate the amount of luciferase units in every 20 uL
of supernatant considering these dilutions.

This is a scaled-down protocol from the Sigma transaminase detection kit.
Note that on page 3 of the Sigma procedure No. 505 to convert SF units to
International Units (IU), multiply by 0.48 X 103 instead of 0.48 as spec-
ified. 1 SF unit = 4.8 X 10-41U

The length of pepsin incubation during tumor digestion may be dependent
on tumor architecture. The concentration reported here is only indicative
and should be empirically determined.

Cellular debris generated after digestion can be cleared from the sample by
centrifugation in a sucrose gradient. Apply the cell suspension from step 7
to a two-step gradient and spin down for 40 min at 500g.
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Adenovirus-Mediated Gene Delivery to Dendritic Cells

Laura Timares, Joanne T. Douglas, Bryan W. Tillman, Victor Krasnykh,
and David T. Curiel

1. Introduction

Dendritic cells (DCs) are “professional” antigen-presenting cells (APCs) that
are uniquely capable of activating and instructing a naive immune system to
mount a specific cellular and humoral response. Recognition of this crucial
function makes the development of technologies for DC-based immuno-thera-
pies a priority for the treatment of a wide variety of diseases. The most imme-
diate impact of this emerging technology will be in the treatment of cancer and
the development of third generation vaccines to protect against viral and intra-
cellular pathogens. In addition to elicitation of immune responses, DCs also
function to maintain tolerance to “self.”” Once the biological basis for this im-
portant function is understood, future applications of DC-based immuotherapies
may be developed to ameliorate autoimmune diseases or enhance acceptance of
transplanted organs. The feasibility of “engineering” the function of DCs has
been realized by recent advances in ex vivo methodologies that allow selective
DC propagation, antigen loading, and genetic modification in vitro for subse-
quent therapeutic transfer into the host. Ultimately, the ability to genetically
modify these cells will allow us to design DC-mediated interventions that will
direct predictable control of either immune activation or tolerance in vivo.

DCs are nondividing cells found mainly in two stages, immature and mature.
In peripheral tissues, they are immature and function as macropinocytotic cells
that monitor the environment and pick up foreign antigens; they do not stimu-
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late good T-cell responses at this stage. However, once foreign antigens are de-
tected and engulfed, DCs leave the periphery and migrate to draining lymph
nodes, where they finally mature into professional APCs, able to activate T cells.
In the mature stage, DCs can no longer take up or process exogenous foreign
antigens.

Numerous reports have documented that infection with recombinant, repli-
cation-defective adenovirus (Ad) vectors encoding a transgene is an efficient
method for gene transfer into murine or human DCs. Antigen-specific T-cell
proliferation, interleukin (IL)-12 secretion, and activation of cytotoxic T lym-
phocyte (CTL) responses have been observed in vitro and in vivo when Ad-
modified DCs are cultured with responder cells or injected into animals. DCs
derived from either CD34+ or CD14+ precursor cells have been successfully
transfected with Ad with efficiencies ranging from 30% to greater than 90%.
The level of transgene expression is dependent on virus dose and stage of DC
maturation. Mature DCs are resistant to Ad transfection and the level of gene
expression per transfected cell is also reduced (1). Therefore, for efficient Ad-
mediated gene transfer, DCs should be infected when they are in the immature
stage.

1.1. Advantages and Disadvantages of Ad-Mediated Gene Transfer
into DC

1.1.1. Ad-Infected DCs Are Resistant to Neutralizing Antibodies

Pre-existing neutralizing antibody to Ad is ubiquitous in the general popula-
tion owing to widespread exposure to Ad. However, the epitopes recognized by
pre-existing antibody depend on the intact secondary structure of the Ad virions.
When Ad virions infect DCs, they are digested into peptides by antigen-process-
ing pathways. A number of reports, using different animal model systems,
demonstrate that repeated immunizations with adenoviral-based DC therapy
have improved vaccine efficacy, despite the presence of pre-existing anti-Ad
neutralizing antibody (2-5). The current body of literature, therefore, lends sup-
port for the use of Ad-infected DCs as potent immunotherapy vehicles.

1.1.2. CAR-Deficient DCs Are Poor Cellular Targets for Ad

The rate-limiting step for entry of adenovirus into cells is binding to the pri-
mary receptor, the coxsackie adenovirus receptor (CAR), followed by interac-
tion with o, B class integrins, which results in endosome formation and inter-
nalization. Recent evidence suggests that DCs and their precursors are CAR
deficient (5-7). Given that one of the main functions of immature DCs is to sam-
ple the environment through macropinocytosis, it is likely that Ad is taken up
largely by this process. Consequently, efficient gene transfer into DCs necessi-
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tates high concentrations of infectious Ad virus particles. The requirement for
such high levels of virus can lead to reduced DC function, either through in-
duction of suppressor functions, apoptosis, or reduced presentation of transgene
products by favoring Ad peptide processing. The future of Ad-mediated gene
transfer into DCs will rely on technologies that reduce the number of viral par-
ticles needed for efficient gene delivery by targeting Ad to DC-specific recep-
tors. Receptor-mediated uptake of Ad in DCs can result in increased gene ex-
pression and, depending on the receptor targeted, induce DC activation and
increased antigen presentation. Some examples of this will be discussed below.
However, when using the high concentrations of unmodified recombinant Ad
vectors required for gene transfer, it is prudent to monitor the effect of Ad in-
fection on DC viability and function in addition to transgene expression.

1.2. Dendritic Cell Sources

Methods for the isolation and/or generation of human or murine DCs are out-
side the scope of this methodology paper. However, the Ad-mediated gene-trans-
fer protocol described here can be applied to any source of immature DCs. For
example, murine or human subsets of lymphoid (derived from CD34+ precur-
sors grown from cord blood or bone marrow for 10-14 d in the presence of GM-
CSF) or myeloid (derived from CD14+ precursor cells and cultured for 7 d in the
presence of GM-CSF and IL-4) origin (8-10). In standard cultures, immature and
mature DCs are nonadherent cells. Recently, Munn et al. described a new ad-
herent subset in human monocyte-derived cultures that may have enhanced po-
tency (10a). Cognizant that DCs are not fully characterized, and new cell sub-
sets are still emerging, this protocol will focus on infecting nonadherent DCs.
Additionally, a number of growth factor-dependent murine DC lines have been
increasingly utilized and serve as relevant models of primary and in vitro cul-
tured DCs (11-14). In this chapter, we show examples of one such murine DC
line, XS106 (15).

Although controversial, an important consideration when infecting human
DCs is whether or not serum is present, and if so, what the source of serum is.
The ability of Ad to directly activate DCs may be dramatically influenced by the
serum source. Some investigators have reported that autologous, heterologous,
or xenobiotic (e.g., fetal bovine) serum can inhibit Ad infection and subsequent
human DC activation (16), whereas others have demonstrated pronounced Ad-
mediated DC activation in the presence of serum (17). In our experience at the
University of Alabama at Birmingham, we occasionally observed modest acti-
vation by Ad-5 infection of monkey DCs (J.M. Thomas, personal communica-
tion), but unimpressive activation of murine or human DCs (L. Timares and P.
Triozzi, personal communication) in the absence or presence of bovine or
human serum.
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Depending on the nature of the study, DCs may be activated after infection
with Ad by addition of inflammatory stimuli (such as IL-1, tumor necrosis fac-
tor-a. [TNFa], or LPS) (18) to obtain mature DCs. However, it has been ob-
served that immature DCs can be easily activated simply by in vitro handling
during isolation and processing, and upon introduction into the host (19). This
observation emphasizes the importance of including appropriate controls to ac-
count for “mechanical/processing”’-induced activation of DCs.

2. Materials
2.1. Solutions

1. Phosphate-buffered saline (PBS): without calcium, without magnesium (re-
duces cell aggregation).

2. Infection medium: RPMI with 2% serum (or any appropriate medium for
DC culture with 2% serum appropriate for the DC population under study).

3. Culture medium: complete RPMI-1640 supplemented with relevant growth
factors and 10% serum appropriate for the DC population under study.

4. Staining buffer: PBS containing 0.1% BSA and 0.01% sodium azide.

5. Annexin V binding buffer (BD Biosciences PharMingen, San Diego, CA);
1X working solution is 10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5
mM CaCl,.

2.2. Reagents
2.2.1. Cells

Immature DCs are nonadherent and therefore grow as suspension cultures. If
contaminant-adherent cells (e.g., monocytes) are present, they will compete for
Ad particles. See references in Subheading 1.2. for DC generation and isola-
tion methods.

2.2.2. Adenovirus Stocks (see Note 1)

The reporter Ad vectors utilized here (see Note 2) were generated in our lab
and are termed AdEasyCM V-GFP (Ad-GFP) and AdEasyCMV-YFP (Ad-YFP).
The AdEasy cloning kit can be obtained from Stratagene (La Jolla, CA). Always
thaw Ad stocks (typically stored in small aliquots at —80°C) immediately be-
fore use and keep on ice prior to dilution and addition to cells. Stock concen-
trations should have a titer of 21010 multiplicity of infection (MOI)/mL and
21011 particles/mL.

2.2.3. Reagents for Apoptosis Assays
1. Staurosporine (Sigma, St. Louis, MO), at a final concentration of 30-50 nM
in culture medium to induce apoptosis and provide a positive control for
apoptotic cells.
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2

. Phycoerythrin-conjugated (PE)-Annexin V (orange emission spectra) with

Annexin V Binding Buffer (BD Biosciences PharMingen): used to stain
cell populations expressing the GFP reporter gene (green emission spectra)
undergoing “early stages” of apoptosis.

. Annexin V Kit from BD Biosciences PharMingen (Via-Probe™) contain-

ing the “far-red” emission spectrum dye, 7-aminoactinomycin D (7-AAD),
or 7-AAD from Sigma (100X stock 7-AAD solution 500 pg/mL): use to
stain “late stage” apoptotic and necrotic cells; this may be used in combi-
nation with PE-Annexin V.

2.2.4. Staining Reagents for DC Activation

1

. PE-anti-CD40, PE-anti-CD80, PE-anti-CD86, and PE-anti-class II major

histocompatibililty complex (MHC) molecules (for the murine system, this
locus is designated I-A/I-E; for the human system, it is termed HLA-DR).
PE-conjugated isotype controls (e.g., the murine PE-anti-CD40 clone 3/23
(Cat. no. 553791) is a Rat IgG2a,x antibody; therefore, as an isotype con-
trol use PE-Rat IgG2a,k (Cat. no. 553930)) should be used at the same con-
centration as the PE-Ab to determine background fluorescence levels. All
antibodies (Abs) can be obtained from BD Biosciences PharMingen.
Fc-Block™ (CD16/CD32, murine Fcy II/II Receptor,) is available from BD
Biosciences PharMingen).

. Mouse gamma globulin (~10 mg/mL) is available from Jackson Immuo-

Research Labs (West Grove, PA).
Normal human AB serum is available from United States Biological
(Swampscott, MA).

2.2.5. Flow Cytometry

1.

2.

3.

3.

FacScan™ or FacsCalibur™ flow cytometers are available from Becton-
Dickinson BioSciences (Palo Alto, CA).

Flow cytometry analysis tubes are available from Falcon/Becton-Dickinson
(Franklin Lakes, NJ; Cat. no. 35-2058).

Polypropylene mesh (~150 um) is available from Small Parts Inc. (Miami
Lakes, FL).

Methods
The following protocols are provided for different applications. Subheading

3.1. is a basic protocol for Ad infection and simple monitoring of Ad-GFP gene-
transfer efficiency by determining the frequency of cells expressing GFP using
flow cytometry. Subheading 3.2. provides a protocol for simultaneously as-
sessing both GFP reporter gene expression and DC activation status. Subhead-
ing 3.3. provides a protocol for simultaneously assessing GFP gene expression
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and apoptosis induction (Ad toxicity). When first developing an infection pro-
tocol, attention should be paid to the level of DC activation and to the toxic ef-
fects on the cell population: follow the infection protocol in Subheading 3.1.
and the staining protocols in Subheadings 3.2. and 3.3. After the protocol has
been optimized and the cell population has been well-characterized (with a high
purity of DCs), then the basic application of simply monitoring GFP expression
levels in Subheading 3.1. can be applied routinely.

3.1. Adenovirus Infection for Flow Cytometric Analysis of Gene
Transfer Efficiency (see Note 3)

1. Wash nonadherent immature DCs in Infection Medium at room tempera-
ture. Resuspend the cells in Infection Medium at a concentration of 6 X 100
cells/mL. (Scale up the cell concentration three-fold to 18 X 10¢ cells/mL
if DC activation analysis is planned; see Notes 4 and 4A.)

2. For each experimental and control condition to be tested, transfer 25 pL.
(1.5 X 105) of cells (or three-fold more if cytometric analysis of DC acti-
vation is planned) per sterile microfuge tube, prepunctured using a sterile
18 G needle in a few places on top to provide air exchange during culture.
When appropriate, set up triplicate samples per test condition.

3. Add 25 pL of the Ad-GFP vector at 100-1000 MOI (or 1000-10,000 PPC;
see Note 1) diluted in Infection Medium. Add 25 pL of Infection Medium
only to mock-infected samples.

4. Incubate 1 h at 37°C, 5% CO, with agitation every 10-15 min. Longer in-
cubation can modestly improve transfection efficiency but can also lead to
toxicity (see Note 4b).

5. Remove unbound Ad by adding 1 mL of cold PBS per sample. Pellet the
cells in a microfuge at 2009 for 6 min. Carefully aspirate from the side op-
posite the angled cell pellet. Keep the cell pellet undisturbed by leaving ap-
prox 50 uL of supernatant. Repeat the wash (see Note 4b).

6. Resuspend the cells in 0.5 mL of pre-warmed (37°C) growth medium (with
the appropriate serum and the necessary cytokines for DC growth).

7. Place the microfuge tubes in a rack and put the rack in a 37°C humidified
incubator with 5% CO, at an oblique angle to increase the surface area for
the cells to settle on the side of the tube; this increases gas exchange and
viability. Incubate 18-48 h. (Peak reporter gene expression usually is found
about 24 h postinfection.) For multicolor analysis of both reporter gene
green fluorescent protein (GFP) expression and DC activation proceed to
Subheading 3.2.

8. To analyze reporter gene (GFP) expression by single color flow cytometric
analysis, pellet the cells at 200g for 6 min and carefully aspirate the super-
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10.

natant leaving the cell pellet intact. For multicolor analysis of both reporter
gene (GFP) expression and apoptosis, proceed to Subheading 3.3.

. Resuspend the cells in 300400 pL of Staining Buffer and transfer to la-

beled flow cytometry analysis tubes. During transfer, pass the cells through
150-pum polypropylene mesh placed at the top of the tube to filter out ag-
gregates.

Analyze the cells by single color cytometric analysis (see Note 5).

3.2. Dual Analysis of Ad-Transfection Efficiency and DC Activation
by Multiparameter Flow Cytometric Analysis of GFP and Activation
of Antigen Expression (see Notes 4a and 5)

1.

2a.

2b.

3a.

3b.

After Ad infection and overnight incubation of 4.5 X 105 cells per sample
(Subheading 3.1., step 7; also, see Note 4a), split each cell culture into
three microfuge tubes labeled appropriately (e.g., PE-Ab stained, PE-iso-
type control, Unstained), add 500 pL of cold Staining Buffer to each sam-
ple, briefly vortex, and pellet the cells at 200g for 6 min.

For murine cultures: to Block Fc-receptors on DCs and any contaminant
cells, add 5 pL of Fc-Block™ plus approx 10 pg of mouse gamma globu-
lin in a small volume (e.g., < 5 pL) directly to the cell pellet of each sam-
ple. This amount of mouse gamma globulin should be greater than 10-fold
the concentration of staining Ab used. Flick the tubes to loosen the cell pel-
lets. Incubate 15 min on ice.

For human cultures: to Block Fc-receptors on human DC cells, add 10%
human AB serum in 50 uL. of PBS. Flick the tubes to loosen the cell pel-
lets. Incubate 15 min on ice.

For mouse samples: add 50 puL of PE-conjugated Ab (e.g., specific for DC
activation markers such as PE-anti-CD40 clone 3/23) in Staining Buffer,
their respective PE-isotype control (e.g., PE-Rat IgG2a,k isotype), or Stain-
ing Buffer to the cells treated with Fc-block™. Vortex the tubes gently. In-
cubate for 30-60 min on ice.

For human samples: wash out AB serum by adding 1 mL of Staining Buffer.
Pellet the cells and discard the supernatant. Stain the cells by adding 50 uLL
of PE-conjugated Ab (e.g., PE-anti-CD40 clone 5C3), isotype control (e.g.,
PE-mouse IgG1,x isotype), or Staining Buffer; incubate the cells following
the manufacturer’s instructions.

. Pellet the cells at 2009 for 6 min, carefully aspirate the supernatant, add 500

pL—1 mL of Staining Buffer, then pellet the cells again. Repeat the wash
steps.

Resuspend the cells in 300400 pL of Staining Buffer and transfer the cells
to labeled flow cytometry analysis tubes. During the transfer, pass the cells
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through 150-um polypropylene mesh placed at the top of the tube to filter
out aggregates (see Note 4a).

6. Analyze the cells by multicolor cytometric analysis (see Notes 6c, 7,
and 8b).

3.3. Dual Assessment of Ad-Transfection Efficiency and DC Viability by
Flow Cytometric Analysis of GFP Expresssion and Apoptotic Cells (see
Note 6)

1. Wash pelleted cells (Subheading 3.1., step 8) by resuspending cell pellet
in 1 mL of cold PBS; repeat the centrifugation and aspiration steps 2009
for 6 min.

2. Add 45 pL of Annexin V Binding Buffer and 5 pL. of PE-Annexin V per

sample and gently flick the tubes to resuspend the cells and mix.

Incubate 15 min at room temperature (~25°C) protected from light.

4. Wash the cells by adding 500 uLL of Annexin V Binding Buffer and pellet
the cells 200g for 6 min.

5. Resuspend the cell pellet in 300400 pL of Annexin V Binding Buffer con-
taining 7-AAD (5 pg/mL) and transfer to labeled flow cytometry analysis
tubes.

6. During transfer, pass the cells through 150-um polypropylene mesh to fil-
ter out aggregates.

7. Analyze the cells by multicolor cytometric analysis (See Notes 6 and 8a).

»

4. Notes

1. Units: MOI versus PPC. The term “multiplicity of infection” (MOI) relates
to the number of infectious virus particles in a virus preparation that a sin-
gle target cell is exposed to. The term “particles per cell” (PPC) refers to
the number of viral particles, regardless of virus integrity, to which a sin-
gle target cell is exposed. Classically, the titer of infectious particles is de-
termined on the susceptible packaging cell line HEK 293. In a good prepa-
ration, the infectious unit concentration is usually 1-2 logs lower than the
concentration of total virus particles. Poor-quality virus preparations will
have considerably lower infectious units to particle-number ratios and this
can have a detrimental impact on DC gene transfer and function. Unfortu-
nately, the definition of infectious particles in a virus preparation can vary
depending on the particular assay studied in a given report. This variation
in the definition of MOI has caused considerable confusion in the literature.
Therefore, it is important to carefully define MOI and to judiciously report
the particle to infectious units number ratio of the virus preparation used.

2. Reporter genes. The reporter proteins most frequently utilized to monitor
Ad gene delivery are bacterial -galactosidase (f-gal), firefly (Photinus pu-
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ralis), or sea pansy (Renella renifomis) luciferase, and GFP derived from
the bioluminescent jelly fish Aequorea victoria. The bacterial B-gal gene is
less favored because of the poor sensitivity of the colorimetric assay and
the significant background from endogenous activity in mammalian cells
and tissues. (Endogenous activity can be reduced by treatment of the cells
or cell extracts with heat or high pH [20].) Luciferase activity is measured
in cell lysates, and, owing to the short half-lives of its mRNA and protein
(30 min and 3-5 h, respectively), is directly proportional to the level of gene
expression attained, but no information on the frequency of cells infected
can be gleaned. The luciferase gene is an ideal reporter for examining the
strength of a test promoter. GFP reporter-gene expression has emerged as
one of the most useful reporters for indicating the number of cells success-
fully transfected by Ad infection. By determining the level of luciferase ac-
tivity and the frequency of GFP positive cells, one can determine the rela-
tive gene expression level per transfected cell (15). GFP has a great
advantage because its expression allows tracking of Ad-transduced cells
after injection into animal models. Furthermore, the excitation and emis-
sion spectra are compatible with flow cytometric analysis, providing an ob-
jective measure of percent GFP positive cells in a given population. A num-
ber of “enhanced” GFP genes (EGFP) are commercially available that have
improved characteristics for mammalian cell expression through optimiz-
ing the codon usage for mammalian cells, reducing hydrophobicity to re-
duce toxicity, and, with a series of point mutations, changing the excitation
and emission spectra resulting in multiple color indicators. Two such genes
are EGFP and enhanced yellow fluorescent protein (EYFP) from Clontech
(Palo Alto, CA).

3. Monitoring Ad-GFP transduction effeciency by flow cytometry. Flow cyto-
metric analysis of viable cells reproducibly provides a better GFP signal
when compared to cells fixed in 1% paraformaldehyde-PBS. However, de-
pending on the level of expression, the cell preparation, and the GFP gene
being used, samples may be fixed in paraformaldehyde for analysis at a later
time. (This can be applied to samples stained with Abs as in Section 3.2.)
Store fresh or fixed samples at 4°C and protect from light prior to analysis.

4. Bulk infection. This protocol provides a method to determine the optimal
Ad vector infection conditions by measuring gene transfer of either a GFP
gene or a luciferase gene. GFP expression is measured by assessing the flu-
orescence of intact cells by flow cytometry; luciferase activity is measured
by determining the light output of cell extracts using a luminometer. These
assays should be done in replicate sets for each condition. Hence, infection
and culture in microfuge tubes is convenient for subsequent analysis. To in-
fect bulk cultures of DCs for other experimental purposes (e.g., adoptive
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transfer experiments in mice), this protocol may be easily scaled up by in-
fecting DCs in loosely capped 5-mL (Falcon, cat. no. 35-2063) or 14-mL
(Falcon, cat. no. 35-2006) polypropylene tubes. Polypropylene reduces cell
adherence during infection and overnight culture and enhances recovery.
Infect the cells in as small a volume as possible (e.g., 100 pL per 5 X 106
cells in a 5-mL tube) with frequent agitation.

a. If simultaneous assessment of GFP transfection efficiency and DC acti-
vation for each Ad treatment is planned, scale up the cell density at least
three-fold to 18 X 106 cells per mL (4.5 X 105 cells per microfuge tube
in approx 25 puL) per infection condition to provide enough cells for sub-
sequent analysis. Increase the Ad vector concentration accordingly.
After 24 h, split the sample into three tubes, each containing approx 1.5
X 105 cells after infection, to serve as: (i) unstained (which may contain
GFP positive transfected cells), (ii) background staining (PE-isotype
control), and (iii) specific Ab stained (e.g., PE-CD40) samples for two-
color flow cytometric analysis.

b. Because DCs principally rely on macropinocytotic mechanisms to inter-
nalize Ad, most of the relevant exposure occurs when Ad is added at high
concentrations for 1-2 h. Longer incubation in this small volume can in-
duce toxicity. An option is to skip the wash step (Subheading 3.1., step
5) after Ad incubation and directly add culture medium for the overnight
culture. This will reduce the Ad concentration 10-fold, resulting in a
modest increase in gene-transfer efficiency with reduced toxic effects.

. Monitoring DC activation by examining phenotype. The extent of DC ac-

tivation by Ad treatment can be easily monitored by comparing the expres-
sion level of DC-specific markers (normally expressed at negative or low
levels on immature DCs) on mock-treated control and Ad-treated DCs
using flow cytometry (frequently termed FACS [fluorescence activated cell
sorter] analysis). The following markers are upregulated 10-1000-fold
upon DC activation: class I MHC (murine I-A/I-E molecules or human DR
molecules), co-receptor molecules such as CD80 (murine B7.1) or CD86
(murine B7.2), or the activation molecule CD40. Upregulation of activation
markers indicates that DCs have undergone functional maturation and can
now effectively present antigen to T cells and secrete cytokines such as IL-
12. (Note that it is not yet known if highly mature DCs migrate as effec-
tively as immature DCs to lymph nodes upon adoptive transfer to the host.)

Multiparameter cytometric analysis of GFP expression and apoptosis.

a. For analysis of apoptosis, a positive control sample with some dead cells
must be stained with the same concentrations of reagents used in the test
samples in order to adjust the flow cytometer fluorescence gain and
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compensation settings. Treating a sample of cells (26 X 105 in 1 mL)
overnight with 30-50 nM staurosporine provides such a sample. In ad-
dition, a GFP-positive control culture of cells (containing 26 X 105
cells) provides additional set-up parameters for compensation settings
for cells expressing GFP. The staurosporine treated cells and the posi-
tive GFP control culture should each be divided into two sets of four
tubes labeled: unstained, Annexin V only, 7-AAD only, and Annexin and
7-AAD to set up the cytometer. With these set-up controls available, all
of the Ad-transfected test samples can be stained directly with both An-
nexin V and 7-AAD without scaling up, allowing simultaneous analysis
of GFP expression and apoptosis.

b. Apoptosis dyes require viable cell flow cytometric analysis within an
hour of staining. Keep samples at 4°C and protected from light prior to
analysis.

c. 7-AAD can be used in conjunction with PE stained cells (e.g., PE-An-
nexin V or PE-conjugated Abs). Propidium iodide (PI) used at 10 pg/mL
final concentration (Sigma) also stains cells “red” but cannot be used in
conjunction with PE staining because the emission spectrum overlaps
with PE. Pl is typically used only in combination with GFP stained cells
and can be used as an alternative stain to 7-AAD to reveal dead cells.

7. Examples of analysis of transgene expression.

a. GFP-frequency of transduced cells by flow cytometry. Figure 1 shows
the level of reporter gene expression in murine DCs 24 h following in-
fection with increasing numbers of Ad5-GFP. Significant gene expres-
sion is noted when relatively high doses of 10,000 PPC were used.
XS106 is a relatively immature murine DC line exhibiting low but sig-
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Fig. 1. Wild-type Ad 5-mediated transfection of the GFP gene in murine DCs does not
induce DC activation and requires high levels of virion particles. The murine DC line,
XS106 (15), was treated with the indicated PPC of Ad-GFP for 1 h at 37°C, then washed
and further incubated for a total of 24 h. Cells were subsequently stained with DC-specific
PE-CD40 antibody to determine cell activation, then immediately analyzed on a FacScan
Flow Cytometer. Ten thousand events are shown. PPC to MOl ratio was 12.
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Fig. 2. Identification of DC subsets expressing genes of two Ad constructs. The
murine DC line, XS106, was treated with either Ad-YFP at a MOI of 800, or Ad-GFP
at a MOI of 200, or both at once for 1 h. Cells were washed and further incubated for
24 h total, then analyzed by flow cytometry. The majority of the GFP-positive popula-
tion (58% in panel 3) also expressed YFP (86% YFP positive), whereas only 60% of the
YFP population expressed GFP. Ten thousand events are shown. PPC to MOI ratio was
12 for Ad-GFP and 20 for Ad-YFP.

nificant levels of CD40 expression in the “resting” state, but note that
CDA40 upregulation was not observed at any dose of Ad, indicating that
this Ad stock did not induce activation. (The PPC to MOI ratio was 12
for this stock.)

b. Identification of cells expressing two Ad-delivered genes. Because only
a fraction of DCs are routinely transfected, it is impossible to identify
the cells expressing a nonreporter gene. This can only be achieved when
a single Ad construct permits dual expression of both a reporter gene and
the nonreporter gene of interest (e.g., utilizing an internal ribosome
entry site [IRES sequence]). An alternative strategy allows dual infec-
tion of two separate Ad vector stocks, one containing a reporter gene and
the other Ad vector used at higher MOI (at least three-fold higher) en-
coding the gene of interest. Fig. 2 illustrates that a DC population is het-
erogeneous in its susceptibility to Ad infection. A subset of cells is
highly susceptible to Ad transfection and this population is more likely
to be doubly infected with a second Ad construct when present at a
higher MOI. As seen in Figure 2, gating on the minority of GFP posi-
tive cells selects those that also express the gene of interest (83%), in
this case YFP. (The PPC to MOI ratio in this experiment is 12 for Ad-
GFP and 20 for Ad-YFP.)

8. Examples of assessment of viability and function.

a. Apoptosis assay. Ad induced toxicity assessed by flow cytometry. To
achieve high levels of gene transfer in primary DCs with Ad requires a



Ad-Mediated Gene Transfer to DCs 151

Fig. 3. Checking apoptosis of Ad treated DC. The murine DC line, XS106, was in-
fected overnight with 1,000 PPC of Ad5-GFP, then stained with 7-AAD (5 Bg/mL) and
analyzed by flow cytometry. Staurosporine (30 nM) was added overnight in some sam-
ples as a positive control for apoptosis. Anti [-A (MHC class II) Ab was used to verify
DCs. Note that levels of 7-AAD staining in Ad treated cells equaled background levels
seen in mock-infected cells. Panels depicting Ad-GFP and staurosporine treatment show
only GFP gated cells. PPC to MOI ratio was 12. Ten thousand events are shown.

high MOI over a prolonged culture period (21) and is frequently associ-
ated with DC apoptosis (22). Depending on the purity of the virus stock
and the health of the DC culture, it is important to establish that the Ad-in-
fection protocol itself does not induce DC apoptosis. One can determine
the health of the whole DC population, or the viability of those DCs that
specifically express Ad-encoded reporter genes, such as GFP. Figure 3
shows that the Ad infected GFP-positive population (GFP-gated cells are
shown in panels 2 and 3) of murine DCs shown to be I-A positive (MHC
class IT) remains viable after treatment with 1000 PPC.

b. Activation assay. Ad targeted to DC receptors enhances gene transfer.
Novel targeting technologies have been developed with the aim of en-
hancing Ad-transduction efficiency in DCs through targeted Ad interac-
tion with receptors on DCs. Two such modified Ad systems are shown
here. The CD40 antibody “coated” Ad uses a bispecific antibody with
affinities for both the Ad capsid fiber knob and CD40, generated by chem-
ical conjugation of a Fab fragment from a neutralizing anti-fiber knob
MAD to an anti-CD40 MAb (5). The Fab-anti-CD40 conjugate is used to
retarget the natural binding of any adenoviral vector to CD40-expressing
DCs. Not only does this CD40-Ad enhance transduction efficiency in pri-
mary human and murine DCs, but significantly, CD40 ligation activates
them to become mature (5,7). Although less specific in its targeting, an-
other Ad vector has been genetically altered to contain an Arg-Gly-Asp
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Fig. 4. Targeted Ad enhances gene transfer in DCs and, depending on the molecule
targeted, can induce DC activation. XS106 cells were treated with GFP encoded untar-
geted wt-Ad, targeted CD40-Ad, or RGD-Ad at 1000 PPC for 1 h, washed and cultured
for 24 h. Cells were harvested and stained with (A) PE-B7.2 (CD86) or (B) PE anti-
CDA40, then analyzed by two-color flow cytometry. Triplicate cultures were analyzed
with identical results. PPC to MOI ratio was 12 for CD40-Ad and 15 for RGD-Ad. Ten
thousand events are shown.

(RGD) sequence motif in the H1 loop of the fiber knob (23) and therefore
binds to RGD ligands, such as integrins expressed on DCs (24). Figure 4
shows that after 1 hinfection with wt-Ad only 12—19% GFP positive cells
were detected, and that these cells expressed control levels of the co-stim-
ulatory molecules CD86 and CD40. However, redirected CD40-targeted
Ad efficiently infected these murine DC within 1 h, resulting in greater
than 50% GFP positive cells; additionally, these cells showed more than a
10-fold increase in CD86 expression levels (Fig. 4A, right panel) indicat-
ing that DC activation was achieved. In contrast, the RGD-Ad vector
transferred the GFP gene to DCs quite effectively (67% of the cells ex-
pressed GFP) without activating the DCs because no increase in CD40 ex-
pression levels was observed (Fig. 4B, right panel).
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Overview of Adeno-Associated Viral Vectors

Thomas M. Daly

1. Introduction

The use of adeno-associated virus (AAV) as a gene transfer vector has been
steadily increasing over the past several years. AAV vectors have been particu-
larly useful for applications where sustained gene expression is required. Pro-
longed in vivo expression following AAV treatment has been seen in the liver
(1,2), brain (3,4), skeletal muscle (5,6), lung (7,8), and hematopoietic stem cells
(9,10) of animal models. Therapeutic benefit from AAV treatment has been
shown in a number of preclinical models of disease, including animal models
of coagulopathies (11,12), lysosomal storage diseases (13,14), vision defects
(15,16), and amino acid disorders (17). Clinical trials using AAV for the treat-
ment of hemophilia B have begun, and early reports from these trials have been
promising (18). In this introductory chapter to AAV, we will provide a brief
overview of the molecular biology of this virus, an overview of methods of vec-
tor production, and a brief summary of the use of alternate AAV serotypes. The
following chapters will then focus on specific methods and techniques for AAV
transduction of the organs listed previously.

2. Background

AAV is a human parvovirus that is replication-defective in the absence of
helper functions (19). Viral particles are small (20-30 nm) and nonenveloped,
containing single-stranded DNA molecules with plus and minus strands pack-
aged with equal efficiency. Exposure to AAV appears to be common in humans,
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with seropositivity rates for antibodies directed against AAV2 capsid proteins
range from 50 to 80% in adult populations (20). However, no human disease
has been associated with AAV infection, suggesting that the wild-type virus is
nonpathogenic in humans. Six serotypes of AAV have been described, with
AAV?2 being the most widely used for gene-transfer studies (21). (For the re-
mainder of this chapter, AAV will refer to AAV2 unless otherwise speci-
fied. The remaining serotypes will be discussed in more detail at the end of the
chapter.)

The viral genome of wild-type AAV is approx 4.7 kb long, and codes for two
families of viral proteins produced by alternate splicing from transcripts driven
by 3 promoters (Fig. 1). The 5’ and 3’ ends of the viral genome are demarcated
by inverted terminal repeats (ITR). These I'TRs contain palindromic sequences,
which can form an internal T-shaped structure to self-prime for second strand
synthesis during viral replication (19). The 5’ and 3’ ITRs are the only portion
of the viral genome required in cis for packaging (22,23). The remainder of the
AAV genome codes for two families of proteins, rep and cap. The three cap pro-
teins (VP1, VP2, and VP3) are derived by alternative splicing of transcripts from
a single promoter (p40), with VP3 being the dominant form. The 5" end of the
viral genome consists of the rep family of proteins. There are four species of
rep proteins (Rep 78/68 and Rep 52/40), which are derived from alternative
splicing of transcripts generated from the pS and p19 promoters, respectively.

Fig. 1. Genomic structure of wild-type AAV. Seven transcripts are generated from
three distinct viral promoters. The 5" and 3’ inverted terminal repeats (ITR) are the only
portion of the wild-type genome required for viral packaging.
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These molecules play a role in viral replication as described later. Both rep and
cap functions can be provided in trans.

The life cycle of wt AAV is covered briefly here with emphasis on aspects
that affect its use as a gene-transfer vector. Viral entry by AAV?2 is mediated by
binding to heparin sulfate proteoglycans (24). The a5 integrin and fibroblast
growth factor receptor-1 (FGFR-1) may also be involved, although this has been
disputed by some groups (25,26). The distribution of these molecules on many
different cell types helps to explain the wide target range of AAV?2 vectors. Fol-
lowing cell entry and transfer to the nuclear compartment, the single-stranded
AAV genomes are slowly converted to double-stranded molecules. This process
is dependent on cellular DNA polymerases, and appears to be the rate-limiting
step in expression from AAV vectors in vitro (27). In the presence of helper
functions such as those provided by adenovirus, transcription from the p35, p19,
and p40 promoters is upregulated, and rep and cap proteins are produced.
Rep78/68 can then bind to the rep-binding sequence (rbs) present in the 5’ ITR,
and direct cleavage of the growing double-stranded DNA molecule at the ad-
joining terminal resolution site (trs). This leads to the production of single-
stranded AAV molecules, which can then be packaged to produce infectious
progeny.

In the absence of helper functions, AAV viral promoters are inactive and rep
and cap proteins are not actively synthesized, although a small amount of rep
proteins may be present. However, double-stranded DNA molecules are still
produced from the input viral genomes, as this process does not depend on vi-
rally coded proteins. These dsDNA molecules can be degraded, integrate into
the host genome in either a random or targeted manner (28,29), or persist as an
episomal form (30). The relative occurrence of these forms is still under inves-
tigation, and appears to vary between tissues. However, it is this persistence of
dsDNA in the absence of a productive viral infection that allows AAV to be used
as a successful gene-transfer vector.

3. Production of Recombinant AAV Vectors

A number of protocols are available for the production and purification of re-
combinant AAV vector stocks. Construction of recombinant AAV vector plas-
mids is a straightforward process. As mentioned earlier, only the 5’ and 3" ITR
sequences are required for viral packaging. Therefore, the entire wild-type cod-
ing sequence can be excised, and replaced with a therapeutic construct. A com-
monly used plasmid for this purpose is pSub201, which has been engineered to
contain flanking Xbal sites internal to the ITRs to allow easy removal of the
wild-type sequence (31). In addition, AAV plasmids containing common pro-
moter cassettes such as the CMV promoter are commercially available, simpli-
fying the vector development process. Perhaps the biggest limitation in the de-
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sign of AAV vectors is the size constraints of recombinant AAV plasmids. Con-
structs that are much larger than the wild-type 4.7 kB sequence do not package
well, and vector titers decrease sharply. This size limitation prevents the effec-
tive gene transfer of very large cDNAs such as dystrophin or factor VIII in a sin-
gle AAV construct. However, recent studies have suggested that transduction
with two AAV vectors that each contain a portion of a coding sequence can lead
to production of an intact protein following heterodimerization (32,33). Al-
though the mechanism of this finding is still under study, such techniques may
allow the size limitations of AAV vectors to be overcome.

Production of recombinant AAV is accomplished by the introduction of the
AAV vector plasmid into cells where rep, cap, and adenoviral helper functions
are present. This is most commonly done by cotransfection of the AAV vector
plasmid along with helper plasmids containing the wt AAV rep/cap sequences.
Adenoviral helper functions can be supplied either by superinfection with wild-
type adenovirus, or by cotransfection of a third plasmid containing the minimal
adenoviral proteins required for AAV production (E2A, E4AORF6, VA). Because
separation of wild-type Ad from recombinant AAV is time-consuming and ade-
noviral contamination of viral solutions can be problematic, most laboratories
now use a plasmid-based approach. Two commonly used systems are the
pXX2/pXX6 system, which supply the Ad helper functions and AAV rep/cap on
separate plasmids (34), and pDG or pSH3/5, which provide both Ad and AAV
functions on single plasmids (35,36). As an alternative to cotransfection tech-
niques, packaging cell lines have been developed that contain integrated copies
of rep/cap. Although such lines are more difficult to establish because of the cy-
tostatic effects of rep production, conditionally producing cell lines have been
established by a number of groups (37,38).

Isolation of recombinant AAV from cellular lysates can be performed by
many different techniques. Early methods took advantage of the relatively low
density of AAV particles relative to contaminating adenovirus, and separated
AAV vectors by centrifugation on a series of isopycnic cesium chloride gradi-
ents. Such methods were labor-intensive, and the long periods of centrifugation
required for purification led to decreased titers. The use of adenoviral-free pro-
duction methods has simplified the purification process somewhat, allowing use
of more rapid separation techniques. One example uses an initial separation of
AAV from cellular proteins on a stepwise iodixanol gradient, followed by fur-
ther purification of AAV via binding to a heparin sulfate column (39). This
method can be done rapidly, with relatively little equipment, and produces
good-quality virus for the average user. Large-scale purification of clinical-
grade virus can also be done using high-performance liquid chromatography
(HPLC) methods over heparin sulfate columns (39). These methods allow virus
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production to be scaled up significantly, but do require a more significant in-
vestment in equipment.

4. AAV Serotypes Other Than AAV2

Although the majority of studies to date have been done using AAV2, an
emerging body of work is being published using vectors based on other AAV
serotypes. These non-AAV2 vectors have advantages in overcoming some of the
limitations inherent in AAV2, and may also expand the target range and func-
tion of AAV vectors as a gene-transfer tool. A prime motivation for the devel-
opment of non-AAV2 vectors has been the relatively high incidence of anti-
AAV?2 antibodies in the general population (40). It has been shown in animal
models that administration of AAV2 vectors stimulates a humoral response
against capsid proteins, and that expression following readministration of the
same vector is blocked (41-43). Thus, the high level of individuals seropositive
for AAV2 in the general population could potentially limit the efficacy of AAV?2
for widespread human use. Development of alternate serotypes could poten-
tially provide a method for readministration in diseases where multiple treat-
ments would be required (41).

Sequence data for AAV serotypes 1 through 6 has been published, and much
of the variation between serotypes lies in the 3’ end of rep and in four discrete
regions of the cap proteins (44). Regions important for viral replication such as
the rbs, trs, orf start sites, and intronic splice junctions are relatively conserved
between serotypes. In addition, the ITR sequences are highly conserved. This has
the benefit from a vector-production standpoint that AAV2 vector plasmids can
be efficiently pseudotyped with serotypes 1-4 merely by providing an alternate
rep/cap helper plasmid in trans during viral production (45). Such methods have
been used to produce AAV1, AAV3, AAV4, and AAVS serotyped vectors (46).
This simplifies comparison of vector performance between serotypes, by allow-
ing identical vector sequences to be used in multiple serotypes.

The variations in the capsid proteins between serotypes can impart different
binding characteristics, altering the biodistribution and transduction efficiency
of non-AAV?2 vectors. For example, AAV4 and AAVS do not use heparin sul-
fate as a primary receptor, but instead require 02,3 sialic acid for effective bind-
ing (47,48). In addition, in vitro and in vivo efficiency can vary between
serotypes. For example, although AAV2 shows a higher rate of transduction in
293 cells in vitro, other serotypes have been shown to be highly potent in vivo
in intramuscular (im) injections, both in levels of expression and percentage of
cells transduced (46). As these vectors become more widely available, they may
offer more options for investigators targeting specific organs.
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In summary, AAV vectors are useful tools for in vivo gene transfer, particu-

larly in situations where long-term expression of gene is required. The follow-
ing chapters will provide a more detailed look at methods for the use of AAV
in a variety of contexts.
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AAV Vector Delivery to Cells in Culture

Andrew Smith, Roy Collaco, and James P. Trempe

1. Introduction

Adeno-associated virus (AAV) gene delivery vectors are being investigated
as vehicles for gene therapy for a wide variety of hereditary and acquired human
diseases. AAV’s inability to self-propagate, ability to be maintained as an epi-
some in the transduced cell, and relatively innocuous effects on the immune sys-
tem make it the vector of choice for prolonged in vivo gene expression. AAV
type 2 is the most commonly used serotype for gene delivery. AAV2 vectors will
deliver DNA to a wide variety of cell types. The development of vectors derived
from the other five serotypes has expanded the tissue tropism of the AAV vec-
tor system (1-6). Tropism depends on the presence of cell-surface receptor el-
ements on the target cell. For AAV2, heparin sulfate proteoglycan (7), a,By in-
tegrin (8) and the fibroblast growth factor receptor-1 (FGFR-1) (9) are believed
to mediate the initial internalization steps in infection. The ubiquity of these
cell-surface components confers a wide tropism on AAV?2 vectors.

Despite the wide tropism, barriers exist in some cell and tissue types that
limit transduction efficiency. Some cells lack necessary receptor components,
rendering them refractory to AAV2 transduction (10). Polarized airway epithe-
lial cells, when grown in culture at an air-liquid interface, lack virus receptors
on the apical side but retain them on the basal side of the cell (11,12). This ex-
plains the limited in vivo transduction efficiency of AAV2 vectors in the lung
(13). One of the advantages of AAV vectors is their ability to transduce divid-
ing and nondividing cells in vivo. In cell culture, quiescent cells will internal-
ize and express the vector, but the level of expression is dramatically improved
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when DNA synthesis is stimulated (14,15). The single-strand vector DNA must
be converted to a double-stranded conformation to attain transcriptional com-
petence. Co-expression of the adenovirus (Ad) E4 orf 6 protein or induction of
a cellular DNA repair response stimulates this conversion (13,14,16). Another
means of enhancing vector expression is via treatment with inhibitors of the epi-
dermal growth factor receptor tyrosine kinase (EGFRTK) (17). The EGFRTK
phosphorylates a single-strand D-sequence binding protein (ssD-BP) that inter-
acts with the AAV terminal repeat DNA element. When de-phosphorylated,
ssD-BP no longer interacts with the D-sequence, thus enabling doublestrand
conversion. Tyrphostins and genistein inhibit EGFRTK, resulting in significant
increases in transgene expression (18). Other exogenous agents such as in-
hibitors of endosomal and proteolytic pathways also stimulate transgene ex-
pression (19,20).

Analyses of AAV vector functionality and dissection of the biochemical mech-
anisms of transduction requires vector infection of cells in culture. In this chap-
ter, we will review the methods for AAV vector transduction and the assessment
of efficacy in standard tissue culture. We will also describe the use of Ad co-in-
fection and Tyrphostin-1 treatment to enhance vector transduction efficiency.

2. Materials
2.1. Sources of Chemicals

1. Luciferase from Photinus pyralis (activity: 10-25 X 10¢ light units per mg
protein) and Tyrphostin-1 are available from Sigma (St. Louis, MO). Store
luciferase at —70°C and Tyrphostin-1 at —20°C.

2. Luciferase Assay System with Reporter Lysis Buffer (1 vial lyophilized Lu-
ciferase Assay Substrate, 10 mL Luciferase Assay Buffer, 30 mL Reporter
Lysis 5X Buffer) is available from Promega (Madison, WI). Store these
reagents at —70°C.

3. DC Protein Assay Kit II (250 mL Reagent A, 2000 mL Reagent B, 5 mL.
Reagent S, bovine serum albumin [BSA] standard) is available from Bio-
Rad (Hercules, CA).

4. 5-bromo-4-chloro-3-indoyl-B-p-galactopyranoside (X-gal) is available
from Gold Biotechnology (St. Louis, MO).

5. Heparin sulfate agarose, Type 1 (cat. no. H6508) for vector purification is
available from Sigma (St. Louis, MO).

2.2. Plasmids, Cells, Adenovirus, and AAV Vectors

1. Plasmids.

a. pSH3 is used for AAV vector packaging (21). This plasmid contains the
Ad E4, E2a, and VA genes and the AAV2 genome lacking the terminal
repeat elements.
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b. pAVluc and pAVgal are AAV vector plasmids containing the firefly lu-
ciferase gene and the Escherichia coli B-galactosidase (B-gal) gene, re-
spectively, driven by the cytomegavirus (CMV) promoter flanked by the
AAV terminal repeats. The pAVIuc and pAVgal plasmids were used to
prepare the vAVIuc and vAVgal vectors (21).

2. Cells.

a. Hela (ATCC-CCL2) and 293 (ATCC-CRL1573) cells, used for vector
preparation and virus titration, are available from ATCC (Manassas, VA).

b. Undifferentiated SV40 T-Ag-transformed cystic fibrosis airway epithe-
lial IB3 cells (22) are used for some transduction experiments.

3. Virus.

a. AdS is used for stimulation of AAV vector transduction.

b. Recombinant adeno-associated virus (rAAV), vAVIuc and vAVgal, are
packaged using the helper virus-free methodology (21). For preliminary
experiments, the use of a crude vector preparation (cell lysate from a
packaging experiment) may be employed. If vectors are packaged on a
larger scale (i.e., using more than ten 10-cm culture dishes), they are pu-
rified by CsCl ultracentrifugations or by heparin agarose affinity chro-
matography (23). Determine the virus titer as described in Subhead-
ing 3.1.

2.3. Solutions and Culture Medium

1.

Cell-culture Media.

a. Hela and 293 cells are grown in MEM supplemented with 10% fetal
bovine serum (FBS) and 100 pg/mL gentamycin.

b. IB-3 cells are grown in LHC-8 medium available from Invitrogen (Carls-
bad, CA). The media is supplemented with 100 pg/mL streptomycin, 100
U/mL penicillin, 10 pg/mL gentamycin, and 2.5 png/mL amphotericin.

. Tyrphostin-1 stock solution (100X): 50 mM Tyrphostin-1 dissolved in di-

methyl sulfoxide (DMSO). Store at —20°C.

Tyrphostin-1 media solution (1X): For 1 mL of Tyrphostin-1 media solu-
tion (1X), sequentially add 10 pLL Tyrphostin-1 stock solution (100X), 50
pL ethanol, and 940 pL. LHC-8 culture medium to a sterile tube. Prepare
immediately before use.

Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 4.3 mM
Na,HPO,, 1.4 mM KH,PO, at a final pH of 7.3. PBS-Mg also contains 5 mM
MgCl,.

. Reporter lysis 5X buffer: 125 mM Tris-phosphate, pH 7.8, 5% Triton®

X-100. Store at —20°C away from direct sunlight. Dilute with four volumes
of water prior to use.
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. Luciferase assay reagent: A mixture prepared by reconstituting Luciferase

Assay Substrate with 10 mL of luciferase assay buffer. Aliquot and store at
—70°C.
Fixing solution: 2% formaldehyde, 0.2% glutaraldehyde in PBS.

. B-Gal staining solution: 5 mM potassium ferrocyanide, 5 mM potassium

ferricyanide, 1 mM MgCl,, and 1 mg/mL X-Gal in dimethyl sulfoxide
Virus preservation medium: 10 mM Tris-HCI, pH 8.0, 100 mM NacCl, 1
mg/mL BSA, 50% glycerol.

3. Methods

3.1.
1.

Sk w

3.2
1.

2.

3.

Recombinant Adeno-Associated Virus (rAAV) Transduction

Plate cells (e.g., 293, IB-3 or Hela cells) in 24-well dishes at approx 4 X
104 cells per well using the appropriate medium. Incubate the cultures
overnight in a standard humidified, eukaryotic tissue-culture incubator.
Twenty-four hours after inoculation, remove the culture medium and add
serial dilutions of the packaged rAAV vector (See Note 1) in PBS-Mg or
culture medium in a volume of 0.1 ml. If required, Ad infection may be per-
formed simultaneously at this point (see Subheading 3.2., and Note 2).
Add Ad at a concentration of five plaque forming units (PFU)/cell.
Incubate plates at 37°C for at least 1 h in a humidified incubator (see Note 3).
Remove the vector and replace with cell-culture medium.

Incubate for 2448 h in a tissue-culture incubator.

Examine cells transduced with vectors expressing gfp by fluorescent mi-
croscopy at any time after vector transduction.

To assay cells transduced with X-gal- or luciferase-expressing vectors, re-
move medium from wells and rinse wells with PBS-Mg. Fix cells for stain-
ing with X-gal (see Subheading 3.6.) or harvest cells for luciferase assays
(see Subheading 3.4.).

. For vector titration, each green fluorescent- or blue-stained cell is defined

as 1 IU.

Adenovirus Infection

Plate and incubate cells as described in Subheading 3.1. Remove culture
medium from the wells and replace with an appropriate amount of serum-
free medium. Prepare serial dilutions of AdS and add to the cells at a mul-
tiplicity of infection (MOI) of 1-100. Resuspend Ad5 in PBS, or serum-
free medium.

Incubate plates at 37°C for at least 1 h in a humidified incubator (See Notes
2 and 3).

Remove the inoculum and replace with complete cell-culture medium.
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4,
5.

Incubate for 24-48 h in a tissue-culture incubator (see Note 4).
Assay cells as described in Subheading 3.1.

3.3. Tyrphostin-1 Treatment of IB-3 Cells

1.

Bl

Inoculate a 48-well plastic tissue-culture plate with 5 X 104 IB-3 cells per
well in LHC-8 culture medium containing 10% FBS and grow to conflu-
ence (2 d) (see Note 5).

Aspirate the culture medium and carefully add 250 pL of serum-free
LHC-8 culture medium containing 1-10 L.U. per cell of vAVIuc to the
wells.

Incubate for 1 h at 37°C.

Prepare the Tyrphostin-1 media solution (1X) (see Note 6).

. Aspirate the culture medium and replace with the Tryphostin-1 media so-

lution (1X).
Incubate for 1 h at 37°C.

. Aspirate the culture medium and add LHC-8 culture medium to the wells.

Incubate the cells for 24—48 h at 37°C in a humidified tissue-culture incu-
bator.

3.4. Luciferase Assays

1.

2.
3.

Determine the linear range of light detection on the luminometer prior to
first use as described by the manufacturer (see Note 7).

Aspirate the culture medium from the cells and rinse with PBS-Mg.
Remove the PBS-Mg and add enough 1X reporter lysis buffer to cover the
monolayer (250 pLL per well of a 48-well plate). Incubate 5 min and freeze
the entire plate at —70°C for complete lysis of the cells and storage of the
samples.

. Thaw the cell lysates on ice.
. Dispense 20 pL of the lysates into separate luminometer tubes. Dispense

diluted recombinant luciferase into another luminometer tube as a positive
control for the assay.

. Program the luminometer to perform a 2-s delay in measurement followed

by a 10-s measurement for enzyme activity.

. Prime the injector of your luminometer at least three times with the lu-

ciferase assay reagent.

. Place the luminometer tube in the luminometer and begin the reading by in-

jecting 100 pL of luciferase assay reagent into the tube. Record the read-
ing from each tube. Standardize luciferase activity (relative light units
[RLU]) in the sample to the total amount of protein in the sample (RLU/ug
protein).
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DC Protein Assay

Add 20 pL of Reagent S to each mL of Reagent A (both from the Bio-Rad
DC Protein Assay kit) that will be needed for the assay (Working Reagent
A’). Assay each sample and standard in triplicate, and use 25 pL. of Work-
ing Reagent A’ for each measurement (see Note 8).

. Reconstitute the BSA protein standard in water and store at 4°C. Generate

a standard curve each time the assay is performed by preparing at least five
dilutions of the BSA containing between 0.2 mg/mL and 5.0 mg/mL.

. Dilute samples 10-fold with 1X reporter lysis buffer, and pipet 5 puL of stan-

dards and samples into wells of a 96-well microtiter plate.
Add 25 pL of Working Reagent A’ to each well.

. Add 200 pL of Reagent B to each well and gently agitate the plate to mix

the reagents. Be careful to avoid bubbles, and remove them if they form.
Incubate for 15 min at room temperature, and read the absorbance of the
samples and standards at 750 nm.

p-Gal Staining of rAAVfGal Transduced Cells

Rinse the transduced cell monolayer with PBS-Mg.

Add 0.5 mL of fixing solution and incubate for 5 min at room temperature
to fix the cells.

Remove the fixing solution and overlay the cells with 0.5 mL of 3-gal stain-
ing solution.

Wrap the multiwell plate in aluminum foil and incubate at 37°C in an in-
cubator for 12-48 h.

Observe the cells under a microscope. Each blue cell corresponds to a
transduced cell. This enables a determination of the number of infectious
units (IU) of that rAAV preparation.

4. Notes

1.

In our laboratory, we prepare most of our recombinant vectors using a two-
plasmid transfection procedure (21). Briefly, we co-transfect the vector
plasmid containing the gene to be packaged (e.g., pAVgal or pAVIuc) with
a packaging plasmid, pSH3 or pSHS5, onto 293 cells. Two to three d later,
the cells are harvested and the virus is purified away from cell debris by
successive CsCl gradients or by heparin affinity chromatography (23). The
vector produced by any of these different methods is analyzed to determine
the infectious titer, which is often reported as IU. For titration of vectors
that express visually detectable reporter genes (lacZ, GFP, gfp), determina-
tion of IU and experimental transductions are performed as described in
Methods. For titration of vectors expressing other genes (e.g., luc) the in-
fectious center assay is used (23).
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2. Virus infections of tissue-culture cells are frequently initiated by incubat-
ing the virus with cells in serum-free medium. After allowing virus ad-
sorption for an appropriate length of time, the inoculum is removed and re-
placed with normal medium. One of the reasons for using serum-free
medium is that components in the serum (complement, immunoglobulins,
etc.) may interfere with virus adsorption. To determine if serum affected
AAV vector transduction, Hela cells were transduced with 100 MOI of
vAVIuc vector in the presence of medium containing 10% normal or heat-
inactivated FBS, or no FBS at all. A similar set of transductions was per-
formed on Ad-infected Hela cells. One h after adding the virus, the inocu-
lum was removed and replaced with normal medium. Forty-eight h later,
the cultures were harvested and assayed for luciferase activity. There was
no significant difference in the level of enzyme activity between the three
FBS conditions (Fig. 1). The presence of Ad in the transduction resulted in
more than a 100-fold increase in luciferase activity. However there was no
significant difference between the FBS conditions in the presence of Ad
(Fig. 1). These results indicate that AAV2 vectors are able to adsorb to, and
transduce, Hela cells in the presence or absence of FBS with comparable
efficiency.

3. For vector titration, triplicate wells are used for each dilution. The culture
plates are returned to the incubator for at least 1 h. An appropriate volume
of fluid should be used to allow for complete coverage of the cell mono-
layer. Placing the plates on a rocking platform improves vector and cell
contact. Alternatively, gentle, manual rocking of the plates every 10—15 min
is sufficient. The vector can be left on the culture until the end of the ex-
periment or the inoculum can be removed after 1 h.

4. Ad infection dramatically increases vector transduction (Fig. 1) (13,16).
Although AAV vectors are not toxic to cells in culture, concurrent Ad in-
fection results in cytopathic effects between 24-48 h after infection. The
cultures should be observed daily for evidence of toxicity such as an in-
crease in cellular birefringence, rounding, and detaching from the dish.

5. The use of Tyrphostin-1 to enhance AAV transgene expression has been pi-
oneered by others (18). We have found that Tyrphostin-1 stimulates trans-
duction in all cells that contain the EGFR-1 gene. We use IB-3 cells here
because they are highly responsive to the stimulatory effects of Tyrphostin-
1. An example of the dramatic increase in transduction is shown in Fig. 2
where 500 uM Tyrphostin-1 induces transduction nearly 800-fold in IB-3
cells.

6. Tyrphostin-1 and its vehicle (1% DMSO, 5% ethanol) are toxic to some cell
types (e.g., 293 and Hela cells). Some cell lines may require lower con-
centrations of Tyrphostin-1 and/or its vehicle. The suggested 500 M con-
centration of Tyrphostin-1 and its vehicle can be proportionally reduced in
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Fig. 1. Analysis of recombinant AAV2 vector transduction under different FBS con-
ditions. Hela cells were incubated with 100 MOI of vAVluc for 1 h in the presence of
10% FBS, heat-inactivated FBS or no serum. One h after adsorption, the inoculum was
replaced with normal medium containing 10% FBS. The cultures were incubated for 48
h, cell lysates were prepared and luciferase activity assessed. Alternatively, Ad2 was
added to the inoculum at a MOI of 5. The transductions were performed in triplicate
and the results reported as relative light units (RLU) per microgram of total protein in
the lysates. Protein assays were performed using the DC protein assay.

these cases to avoid excessive toxicity in sensitive cell lines while main-
taining solubility of Tyrphostin-1. Keep in mind that the enhancement in
rAAV transgene expression by Tyrphostin-1 is proportional to the concen-
tration of Tyrphostin-1.

7. The luciferase assay system may be used with manual luminometers or lu-
minometers with injectors as per the manufacturer’s protocols. Determin-
ing the linear range of light detection for the luminometer is essential be-
cause luminometers can be saturated at high light intensities. Make serial
dilutions of luciferase (either purified recombinant luciferase or cell-culture
lysate) in 1X reporter lysis buffer supplemented with 1 mg/mL BSA to
avoid adsorption of the enzyme. A positive control for the luciferase assay
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Fig. 2. Analysis of recombinant AAV2 vector transduction after Tyrphostin-1 treat-
ment. IB-3 cells were incubated with 100 MOI of vAVluc for 1 h. The medium was re-
placed and one set of cultures was incubated for 2 h in the presence of 500 uM Tyr-
phostin-1. The Untreated sample was incubated in vehicle alone. The medium was then
replaced with normal medium and the cultures were incubated for 48 h. Cell lysates
were prepared and luciferase activity assessed. The transductions were performed in
triplicate and the results reported as relative light units (RLU) per microgram of total
protein in the lysates. Protein assays were performed using the DC protein assay

can be obtained by transfecting cells with a luciferase reporter plasmid and
assaying the lysate from the transfected cells.

8. We have found that the detergent-compatible protein assay from Bio-Rad
is far more reliable when analyzing cellular extracts prepared by detergent
lysis. Experimental variation between identical samples is negligible com-
pared with results obtained from the Bradford assay. This protein assay sys-
tem is strongly recommended for standardizing protein content in the per-
formance of luciferase assays that commonly use Triton X-100 for cell
lysis.
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AAV-Mediated Gene Transfer to Skeletal Muscle

Roland W. Herzog

1. Introduction

Adeno-associated viral (AAV) vectors are derived from a nonpathogenic,
replication-deficient virus with a small (~4.7-kb) single-stranded DNA genome.
AAV vectors are devoid of viral-coding sequences and may efficiently transfer
genes to nondividing cells such as muscle fibers or hepatocytes following in
vivo transduction (1-7). Recombinant AAV can be administered to skeletal
muscle of experimental animals and, as recently documented in a Phase I clin-
ical trial, to humans at high vector doses without local or systemic toxicity (8,9).
The potential of the vector to activate cytotoxic T lymphocytes is greatly re-
duced compared with some other viral vectors, thereby reducing the risk of in-
flammation at the site of gene transfer (7,10,11). Sustained expression of ther-
apeutic transgenes such as coagulation factor IX (F.IX), erythropoietin, leptin,
insulin-like growth factor (IGF), sarcoglycans, mini-dystrophin genes, o,-anti-
trypsin, and others have been demonstrated (2,12-18). Efficient gene transfer to
myofibers by intramuscular (im) injection has been shown in several species in-
cluding mice, hamsters, dogs, and nonhuman primates (6-8,13,19). These stud-
ies resulted in various levels of correction of the disease phenoypes in small and
large animal models of hemophilia B (F.IX deficiency), muscular dystrophy,
obesity, age-related atrophy, and B-thalassemia (8,12,13,15,17,18,20-25).

AAV vectors can be produced in HEK-293 cells in the absence of a helper
virus by a triple transfection procedure that relies on the use of two helper plas-
mids (26,27). The vector plasmid is constructed by inserting an expression cas-
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sette for the therapeutic gene between the two 145-bp AAV inverted terminal
repeats (ITRs). The expression cassette typically contains an enhancer/promoter
combination, a short intron (e.g., globin, cytomegalovirus [CMV], or FIX
splice donor/acceptor sequences), a cDNA encoding the therapeutic gene, and
a polyadenylation signal. The total size of the vector (including ITRs) should be
5 kb or less in order not to exceed the packaging limit of AAV. The most ex-
tensively studied AAV vectors to date are based on serotype-2 (there are eight
published AAV serotypes). Whereas AAV-2 vectors have been successfully used
in animal studies to transfer therapeutic genes, further increase of transduction
efficiency in murine skeletal muscle by 1-2 logs has been reported for vectors
based on AAV-1 or AAV-5 serotypes (28-30).

The main interest of our laboratory is to develop gene-therapy strategies for
treatment of the X-linked disorder hemophilia B. Although F.IX is normally
made in the liver, muscle fibers are capable of producing biologically active
F.IX after gene transfer (31). Intramuscular administration is a technically sim-
ple and noninvasive procedure and thus attractive for in vivo gene transfer.
Transduced muscle fibers secrete the F.IX transgene product, resulting in an in-
crease of systemic F.IX levels that can be monitored and quantitated using
plasma samples drawn from the animal. Therefore, this system is also useful to
address basic questions about efficiency and stability of gene transfer and trans-
gene expression, which can be followed over time without having to sacrifice
the animal for quantitation of transgene expression.

2. Materials
2.1. Vector Production

1. Three plasmids are required for production of recombinant AAV contain-
ing the therapeutic gene of interest (see Note 1):

a. pAAV-FIX encoding the FIX expression cassette flanked by AAV-2
ITRs.

b. pAd-Help including adenoviral genes E2A, E4, and VA genes (See
Note 2).

¢. pAAV-Help encoding wild-type AAV Rep and Cap genes (see Note 3).

2. Transfection reagents:

a. 2X HEPES buffer: weigh 4.77 g of HEPES (free acid) and 8.77 g of
NaCl; dissolve in 400 mL of dd H,O, adjust pH 7.05 using NaOH, then
adjust the final volume to 500 mL. Autoclave and store at room temper-
ature.

b. 70 mM Na,HPO,. Autoclave and store at room temperature.

c. 1.0 M CaCl,. Filter-sterilize and store at —20°C.
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3.

4,

e

10.

11.
12.

Human embryonic kidney 293 cells free of wild-type AAV (HEK-293,
ATCC, Manassas, VA).

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS),
penicillin, and streptomycin are available from GIBCO/Invitrogen (Carls-
bad, CA).

Branson sonifier or dry ice/ethanol bath for cell lysis.

10 mM Tris-HCI, pH 8.0, and HEPES-buffered saline (HBS), pH 7.8. Fil-
ter-sterilize.

. RNase A and DNase from Roche Biochemicals (Indianapolis, IN) or Ben-

zonase®; 10% (w/v) sodium deoxycholate (filter-sterilized).
CsCl.

. Ultracentrifuge with SW28 and Ty70.1 (Beckman Coulter, Fullerton, CA)

or equivalent rotors for CsCl gradient centrifugation. Ultraclear centrifuge
tubes (Beckman Coulter). Beckman fraction collector with piercing needle
(clean and autoclave needle prior to use).

Milton Roy Abbe-3L refractometer for measurement of refractive index of
collected fractions.

Slide-A-Lyzer dialysis cassettes (Pierce, Rockford, IL).

Apparatus and reagents for slot-blot hybridization.

2.2. Animal Experiments

L.

Mouse strains: Rag-1 mice deficient in functional B and T cells and CD4-
deficient mice are available from Jackson Laboratory (our experience with
both strains is with animals on a C57BL/6 genetic background). Hemo-
philia B mice (F.IX knockout mice) with a large gene deletion including the
promoter and the first three exons of the F.IX gene may be obtained from
Dr. Darryl Stafford, UNC-Chapel Hill (32).

Materials for im injections: Hamilton syringe and needle (both autoclaved),
sterile instruments (scissors, forceps), ketamine/xylazine and/or metofane
anesthesia, 4-0 vicryl suture, 70% alcohol, betadine.

2.3. Analysis of Gene Expression

L.

2.
3.

4.

Heparinized microcapillary tubes for retro-orbital bleeds. For alternative
bleeding protocols, see Note 4.

Enzyme-linked immunosorbent assay (ELISA) plate reader.

Antibodies: monoclonal mouse anti-human F.IX (clone HIX-1, Sigma, St.
Louis, MO), goat anti-human FIX (affinity purified with or without horse-
radish peroxidase conjugate, Affinity Biologicals, Hamilton, Ontario,
Canada), rabbit anti-goat IgG-FITC (Dako Corp., Carpinteria, CA).
ELISA buffers:
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a. Coating buffer, pH 9.2.

b. Wash buffer (WB): 1X PBS, pH 7.4, with 0.05% Tween-20.

c. Blocking and sample buffer: dissolve nonfat dry milk in WB to a final
concentration of 5% (w/v). Prepare fresh.

d. Buffer for detecting antibody: dissolve bovine serum albumin (BSA,
Sigma) in WB to a final concentration of 5% (w/v) and store at —20°C.

. Substrate solution: 0.01 M sodium citrate, pH 4.5, store at 4°C. Just prior

to use, dissolve 0-phenylene diamine substrate (Sigma) at a final concen-
tration of 1 mg/mL, add 2.5 pL H,0, (30% stock) per 12 mL of solution.

. FIX standard: Pooled normal human plasma (Verify 1, Organon Teknika,

Durham, NC).

. Preparation of muscle necropsy: liquid nitrogen, methyl-butane, Tissue Tek

OCT compound (Sakura Finetek, Torrance, CA).

Immunohistochemistry of muscle sections: staining trays, freshly prepared
3% (w/v) paraformaldehyde in 1X phosphate-buffered saline (PBS), pH
7.4, methanol, 1X PBS, pH7.4; 1% and 3% BSA in 1X PBS, pH 7.4, fluo-
romount G (Fisher Scientific, Pittsburgh, PA) or similar mounting media.

3. Methods

3.1.
1.

3.

4.

Vector Production

Inoculate HEK-293 cells into fifty 150-mm tissue-culture plates. Incubate
at 37°C in a humidified 5%-CO, incubator until the cells are 80-90% con-
fluent. Change media; add 20 mL of fresh media to each plate.

Prepare calcium phosphate precipitate of plasmid DNA. Allow all reagents
to warm to room temperature. Use the following amounts of reagents for
transfection of fifty 150-mm plates. (Additional plates can be transfected
by proportionally increasing the volumes of this transfection cocktail.) Add
1.25 mL of 70 mM Na,HPO, to 62.5 mL of 2X HEPES buffer. Transfer
62.5 mL of this mix to a 200-mL conical tube. In a separate (100-mL) tube,
add 2.5 mg of total plasmid DNA (including all three plasmids at an
equimolar ratio; if the three plasmids are of similar size, simply use 833 pg
of each plasmid). Add water to bring the volume to 46.9 mL; add 15.6 mL
of 1 M Ca,Cl. Draw the entire DNA/Ca,Cl solution into a 50-mL pipet and
add dropwise to the HEPES solution while vortexing the HEPES solution
continuously. Once mixed, incubate at room temperature for 25 min to
allow DNA precipitation to occur.

Briefly vortex the DNA precipitate and add dropwise onto conditioned
media (2.5 mL/plate) using a 10-mL pipet.

Change media 8—12 h after transfection.
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5.

10.

11.

12.

13.

14.

Harvest cells on d 4 posttransfection and spin them down at 10009 for 20-30
min at 4°C. Resuspend the cells in 10 mM Tris-HCI, pH 8.0, and subse-
quently store in a sterile conical tube at —80°C (use 5—10 mL per 20 plates).

. Thaw cell suspension, lyse cells by repeated (three times) freeze-thaw cy-

cles using an ethanol/dry ice bath and a 37°C bath, or by three rounds of
ultra-sonication using a Branson sonifier (33). Keep the cell suspension on
ice and sonicate for 1.5 min with a 1/4-in probe (at an output of 2-2.5).

. Subsequently, add 5 mg of RNase and 5 mg of DNase. Incubate at 37°C for

30 min. Add sodium deoxycholate to the lysate at a final concentration of
0.5% (w/v), and incubate at 37°C for 10 min before returning the lysate to
the ice bath for an additional 10 min. Add and dissolve CsClI (0.454 g/mL
of lysate). See Note 5 for alternative purification protocols.

. Depending on the volume of cell lysate, prepare one or two ultraclear tubes

for a Beckman SW28 ultracentrifugation rotor as follows (one tube can
hold up to 20 mL of cell lysate): add 9 mL of 1.45 g/mL CsCl, underlay
with 9 mL of 1.6 g/mL CsCl, then carefully load the cell lysate onto the top
of the gradient. Centrifuge in a pre-cooled ultracentrifuge using pre-cooled
rotor buckets for 24 h spin at 131,000g (27,000 rpm in a Beckman SW28
rotor) at 4°C.

. Collect 1-mL fractions from the gradient. Pool those fractions potentially

containing AAV vector (i.e., fractions with a density of 1.37-1.42 g/mL as
determined with a refractometer).

Depending on the volume of the lysate, prepare one or two 5/8-in X 3-in
ultracentrifuge tubes as follows (one tube can hold approx 10 mL of vec-
tor): add 1-2 mL of 1.6 g/mL CsCl solution, then fill up the rest of the tube
with the pooled fractions from the previous centrifugation. If there is addi-
tional room in the tube, fill with 1.41 g/mL CsCl. Centrifuge in a pre-cooled
ultracentrifuge for 12—-16 h at 331,000g (60,000 rpm in a Beckman 70.1Ti
rotor) at 4°C.

Collect 0.5-mL fractions from the gradient; pool those fractions with a den-
sity of 1.37-1.42 g/mL; repeat the centrifugation as in step 10.

Following the third centrifugation, combine those fractions with a density
of 1.37-1.42 g/mL; transfer into a Slide-a-lyzer cassette for dialysis. Place
the cassette in 1.5-2 1 of cold HBS, pH 7.8, followed by three rounds of
dialysis at 4°C (2 h each).

Remove the vector solution from the cassette, add glycerol or sorbitol to a
final concentration of 5% to osmotically stabilize it, filter-sterilize using a
0.2-um syringe filter, aliquot, and store at —80°C in sterile cryovials.
Determine the vector yield as vector genomes ([vg]/mL) by quantitative
dot-blot hybridization on plasmid standards and DNA extracted from vec-
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tor by proteinase K digest (2) (see Note 6). Alternatively, quantitate the
yield of vector by TagMan PCR or infectious vector particles can be deter-
mined by infectious center assay (34,35).

3.2. IM Injections

The method described here for im injection of mice can also be carried out
in hemophilia B mice. These animals generally tolerate this procedure well and
do not show bleeding that would otherwise require plasma infusion in order to
temporarily restore hemostasis. For a large animal, such as hemophilia B dogs,
im injections are usually done percutaneously, and thus do not require a skin in-
cision (see Note 7). A different method of delivering an AAV vector to skeletal
muscle (intravascular instead of im) is summarized in Note 8.

1. Thaw the AAV vector at room temperature and dilute in sterile HBS or PBS
to 5 X 1010-5 X 1012 vg/mL (150 uL/mouse) as required and keep on ice.

2. Anesthetize mice by intra-peritoneal injection of ketamine/xylazine (80/16
mg/kg, respectively) or by inhalation of metofane gas. If using metofane,
keep mice under anesthesia by inhalation of metofane gas (soak cloth with
metofane solution and place in a 50-mL conical tube, allow mouse to
breathe anesthesia by placing head at the mouth of the open tube).

3. Shave both hind limbs and rub with 70% alcohol. Place the mouse on its
back on sterile drape.

4. Make an approx 1-cm incision in the skin of one hind limb (just above the
knee) (7,14). The lower part of the quadriceps muscle (above the knee) and
the upper part of the tibialis anterior muscle (below the knee) should be vis-
ible.

5. Draw vector into a Hamilton syringe and inject into the quadriceps muscle
(50 pL) and the tibialis anterior muscle (25 pL). For these injections, insert
the needle parallel to the muscle, pull back to about the middle of the mus-
cle, and inject vector slowly. Injection of the tibialis anterior muscle is obvi-
ous from the slow “kicking” motion resulting in extension of the leg during
injection. For a larger muscle such as the quadriceps, the needle may be
pulled back slowly while injecting to distribute the vector over a wider area.

6. Following the injection, close the skin by suture. Repeat the procedure in
the second hind limb.

7. Apply Betadine at the sites closed with suture. Allow injected mice to wake
up and return them to the cage.

3.3. Analysis of Systemic F.IX Expression

1. Bleed mice biweekly from the retro-orbital plexus (~200 pL/sample) using
heparinized microcapillary tubes. Collect blood from the capillaries in mi-
crofuge tubes, place on ice, and spin in a microcentrifuge at 7700g (9000
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rpm) at 4°C for 10 min to remove blood cells. Transfer plasma to fresh
tubes and store at —20°C or —80°C.

2. Determine systemic levels of human F.IX by ELISA specific for the human
F.IX antigen. Coat microtiter plates overnight with monoclonal anti-human-
FIX (1:850 dilution, 50 pL/well).

3. The following day, wash the plate with wash buffer, block with blocking
buffer (200 pL/well) for several hrs at 4°C, and wash again. Dilute plasma
samples and F.IX standards) in blocking buffer. Use dilute normal human
plasma for generation of a standard curve. The normal F.IX level in human
plasma is about 5000 ng/mL. Prepare a standard curve comprised of two-fold
serial dilutions from 200 ng/mL to 3.125 ng/mL. Load standards and samples
onto the plate (in duplicate, 50 pL/well) and incubate overnight at 4°C.

4. Wash the plate. Detect human F.IX antigen using a horseradish peroxidase-
conjugated goat anti-F.IX (1:2,300 dilution in WB with 5% BSA buffer, 100
pL/well). Incubate 2 h at 37°C, wash the plate, and apply substrate solution
(100 pL/well). After 15-20 min, measure F.IX concentration at OD 45,

5. Use plate reader software to calculate FIX plasma levels based on standard
curve (FIX concentration vs OD,5, on a semi-log scale) and dilution factors.
To study muscle-directed gene transfer of an expression cassette for human
FIX, we have been using Rag-1 or CD4-deficient mice to avoid an antibody
response against the human transgene product that could block systemic ex-
pression (14,22). Both strains (on a C57BL/6 background) show similar levels
of EIX expression following muscle-directed gene transfer (see Note 9 for use
of immunocompetent mice). FIX levels are vector dose-dependent. After a
gradual rise of expression over a 6- to 8-wk period, a stable plateau is reached
(see Fig. 1). Using the CMV enhancer/promoter for expression of FIX and an
AAV-2 vector, a vector dose of approx 1 X 10!! vg/animal distributed over
four sites of injection as described in Subheading 3.2. typically resulted in
expression of approx 150 ng human F.IX/mL mouse plasma (36,37).

3.4. Analysis of Local Gene Transfer and F.IX Expression

1. Sacrifice the experimental mouse (e.g., by CO, inhalation), open the skin
of the injected limb with scissors, and excise the injected muscles using a
scalpel and a pair of forceps.

2. In order to preserve muscle for subsequent cryosectioning, pour methyl bu-
tane into a beaker and cool by holding the beaker in liquid nitrogen until
the methyl butane forms white crystal-like structures at the bottom of the
beaker. Place muscle onto a small drop of OCT compound on a labeled
piece of foil (the drop is simply to hold the tissue on the foil; excess OCT
may introduce freeze artifact). Using forceps, submerge the foil containing
muscle tissue into the cold methyl butane bath for 7-10 s, and then imme-
diately transfer into liquid nitrogen (see also Note 10). The identical pro-
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Fig. 1. Dose response of systemic human factor IX (hF.IX) expression from AAV-
CMV-hE.IX-3 vector following intramuscular injection into Rag-1 mice (at four sites of
hindlimbs). Expression of the hF.IX cDNA is under transcriptional control of the CMV
IE enhancer/promoter. The vector also contains a 1.4-kb portion of intron I of the hFIX

gene
least

and the SV40 polyadenylation signal. Each line represents average values from at
four animals. Vertical bars are standard deviation. Doses are vector genomes as

measured by quantitative dot-blot hybridization.

e

cedure can be used to freeze pieces of muscle from a biopsy obtained from
a larger animal (see Note 11).

. Prepare 6-um cryosections for immunohistochemistry or hematoxylin and

eosin staining.

. Fix sections for 15 min in 3% paraformaldehyde in 1X PBS, pH 7.4; rinse in

PBS for 5 min; incubate in methanol for 10 min, and wash three times in PBS.
(Perform these and all subsequent incubations at room temperature.)

Block with PBS/3% BSA for 1 h.

Incubate sections for 90 min with affinity purified goat anti-human F.IX (di-
lution of 1:400-1:1000 in PBS/1% BSA). After three washes (10 min each)
in PBS/1% BSA, apply the secondary antibody (FITC-conjugated rabbit
anti-goat IgG, diluted 1:50 in PBS/1% BSA) for 90 min.

. After three additional washes in PBS/1% BSA, rinse the sections in distilled

water, air-dry, and mount with mounting media. Typical F.IX fluorescence
stains of muscle cross sections are shown in Fig. 2A, B (see also Note 12).

4. Notes

1.

We routinely use Qiagen (Valencia, CA) Mega and Giga kits for production
of endotoxin-free plasmid DNA. This is of particular importance for ex-
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Fig. 2. Cross-sections of skeletal muscle transduced with AAV-EIX vector. (A,B). Immunofluorescent antibody stain for human
factor IX expressed by mouse muscle fibers 3 mo after im injection of AAV-CMV-hEIX vector. Extracellular signal likely represents
binding of FIX to collagen IV in the extracellular matrix after secretion by transduced fibers. (C). Hematoxylin and eosin stain of
canine muscle illustrating carbon particle marking at the site of AAV vector injection. Original magnification: (A, C) 100X,
(B) 200X.
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periments in dogs. Vector preparations may be tested with the Limulus
amoebocyte lysate assay for contamination with endotoxin (Sigma).

2. Examples for plasmids encoding adenoviral helper functions are given by
Matsuhita et al. and Xiao et al. (26,27).

3. The AAV helper plasmid should preferably be a plasmid with reduced po-
tential for generation of pseudo wild-type AAV that may occur through re-
combination between the rep/cap and the vector plasmid. Examples of such
plasmids were constructed by Matsuhita et al. and Cao et al. (38,39). The
most commonly applied strategy to produce AAV vectors of different
serotypes is to maintain AAV-2 ITRs in the vector plasmids and the AAV-2
rep functions in the rep/cap helper plasmid. The choice of capsid sequences
in the rep/cap plasmid determines the serotype, as vectors flanked by AAV-
2 ITRs can generally be packaged quite efficiently into capsids of other
serotypes.

4. Hemophilia B mice are typically bled from the tail vein in order to deter-
mine the biological activity of FIX (blood cannot be collected in heparin
for this purpose). The mouse is anesthetized, and the tail is clipped approx
1.5 cm from the tip with a single clean cut using sterile scalpel. Blood is al-
lowed to drip into an Eppendorf tube containing 20 pL of citrate buffer
(3.8% [w/v] sodium citrate in H,0) (40). Once 200 pL of blood are col-
lected, the tail is sutured and bleeding stopped by chemical cauterization
using silver nitrate sticks. Blood cells are removed as described in Sub-
heading 3.3., and F.IX activity is measured by correction of F.IX deficient
plasma in an activated partial thromboplastin time (aPTT) assay using a fi-
brometer (22).

5. Alternatives for vector purification: CsCl gradients can be applied to AAV
vector of any serotype; iodixanol gradient centrifugation is used by several
laboratories (41); AAV-2 vectors can be purified using heparin affinity or
other types of column chromatography (35,42,43).

6. Prepare the vector and assay by slot blot as follows. Digest the vector with
proteinase K at 37°C for 1 h in a total volume of 80 uL: 2 uL of vector, 38
pL of water, and 40 pL of 2X proteinase K buffer (proteinase K at 1 mg/mL
in 1 M Tris, pH 8.0, 2 mM EDTA, and 1% SDS). Following digestion, ex-
tract the DNA once with an equal volume of phenol-chloroform (1:1) and
once with chloroform. Transfer the aqueous phase to a new microfuge tube.
Add 20 pg of glycogen and sodium acetate to a final concentration of 0.3
M. Add 2.2 volumes of ethanol, incubate on ice for 1 h, then spin 10 min
in a microfuge at full speed to pellet the DNA. Discard the supernatant and
dry the pellet briefly. Resuspend the pellet in 10 pL. of 10 mM Tris, pH 8.0,
1 mM EDTA. Distribute 5, 2.5, 1, and 0.5 pL into microfuge tubes con-
taining 150 pL of spotting solution (0.4 N NaOH, 25 mM EDTA, 0.00008%
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Bromothymol Blue). For standards, use the plasmid pAAV-F.IX (see Sub-
heading 2.1.1.) that contains the entire vector genome. Prepare twofold di-
lutions of this plasmid from 40 ng to 1.25 ng in 5 pL of water and add 150
puL of spotting solution to each sample. Prepare blots using Biodyne B
nylon membranes and a slot-blot apparatus (Bio-Rad Laboratories, Her-
cules, CA) following the manufacturer’s instructions. Prepare the probe
using 100 ng of pAAV-E.IX and 50 pCi of 32P-dCTP using a Prime-it II la-
beling kit (Stratagene, LaJolla, CA) following the manufacturer’s instruc-
tions; purify the plasmid using a MicroSpin G-50 column (Amersham-
Pharmacia, Piscataway, NJ). Denature the probe immediately before use by
heating for 10 min in a boiling water bath then immediately cooling it on
ice. Pre-hybridize the membrane for 20 min in 100 mL of hybridization so-
lution (5X SSPE, 0.5% w/v SDS; 20X SSPE = 3M NaCl, 0.2 M NaH,PO,,
0.02 M EDTA, pH 7.4) at 65°C in a shaking water bath. Discard the hy-
bridization solution, then hybridize for 20 min in 30 mL of hybridization
solution containing 100 ng of denatured probe at 65°C. Rinse the mem-
brane twice in 100 mL of wash solution (1.5X SSPE, 0.5% w/v SDS). Wash
the membrane for 15 min twice in 100 mL of wash solution at 65°C. Place
the membrane in a seal-a-meal bag, seal and expose to XAR film for 2-16
h at —80°C. Scan the film on a densitometer to estimate the amount of vec-
tor in each of the samples. To determine the amount of vector in the sam-
ple, first use the formula 1 pg of double-stranded 5 kb DNA is equivalent
to 0.3 pmol of DNA. For pAAV-E.IX, a 7 kb plasmid, 1 pg is equivalent to
(5/7) X 0.3 pmol = 0.21 pmol. If, for example, 1 uL of vector contained
30 ng (= 0.03 pg) of plasmid standard, this is equivalent to 0.0063 pmol
(0.03 X 0.21 pmol). To convert to vector genomes, use Avagadro’s number
to convert from moles to molecules: 0.0063 pmol is equivalent to 3.8 X 109
molecules ([0.0063 X 10—12] X [6.02 X 1023]) of double-stranded DNA.
Because AAV is single-stranded, multiply this number by 2; the concentra-
tion therefore 7.6 X 109 molecules (vector genomes)/uL.. For 1 mL of vec-
tor, the concentration is 7.6 X 1012 vg/mL.

Using a probe specific to the backbone of pAAV-E.IX, the slot-blot pro-
cedure can also be used to assess and quantitate the possibility of contam-
ination of vector preparations with input plasmid DNA from the initial
transfection step in HEK-293 cells (Subheading 3.1.3.), that might have
escaped DNase digestion (Subheading 3.1.7.). An additional DNase digest
prior to proteinase K treatment of the vector may avoid overestimation of
viral titer by significant contamination with plasmid DNA.

7. Intramuscular injections in large animals: To date, we have performed im
injections for AAV-mediated gene transfer in more than 10 Hemophilia B
dogs of two different colonies. Dogs from both colonies have severe dis-
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ease with no circulating FIX antigen or activity (44,45). All animals toler-
ated the procedure well, and there was generally no need for plasma infu-
sion. The veterinary staff prepared the animals by shaving and sterilizing
the sites of injection, and sedated the dogs using general anesthesia. Vector
was administered by percutaneous im injections at multiple sites using ster-
ile 25 G needles and a volume of 250-500 pL/site. In order to avoid injec-
tion into a major blood vessel, the procedure may be carried out under ul-
trasound guidance (8).

. Alternative method for vector delivery to skeletal muscle: for gene transfer

in certain disease models such as muscular dystrophy, it may be necessary
to deliver the therapeutic gene to a large number of muscle fibers. This may
be achieved by an isolated limb-perfusion technique. This method is de-
scribed in detail for a hamster model by Greelish et al. (13). In brief, the
vasculature of one limb is isolated temporarily by applying tourniquets and
microvasular clamps. Permeability of the vasculature is increased by infu-
sion of papaverine in 10 mM histamine/PBS, pH 7.4, into a cannulated ves-
sel. Vector is diluted in 10 mM histamine/PBS and infused 5 min later fol-
lowed by perfusion with PBS. Vessels are electrocoagulated as the cannulae
are withdrawn, and the incision closed with suture.

. Formation of anti-F.IX: If immunocompetent animals are used, these may

form antibodies against the F.IX transgene product. Methods to assay for
such immune responses (Bethesda assay, immunocapture assay, Western
blot) are described in detail by Fields et al. (10,22) and Herzog et al. (8,42).
In order to avoid an antibody response against F.IX (these mice also lack tol-
erance to murine F.IX, likely owing to the gene deletion), one can generate
immune deficient hemophilia B mice by crossing with Rag-1 or CD4 KO
mice. Alternatively, biweekly intraperitoneal (ip) injections of the immune
suppressive drug cyclophosphamide at a dose of 50 mg/kg starting from the
day of vector administration up to wk 6 may block anti-F.IX formation (22).
For extraction of nucleic acids, muscle tissue is simply snap-frozen in liquid
nitrogen. Isolation of DNA or RNA for Southern-blot analysis, PCR, or RT-
PCR can be performed using commercial kits and following the manufac-
turer’s instructions (e.g., Pure Gene genomic DNA isolation kit from Gentra
Sytems, Minneapolis, MN; Trizol reagent [Invitrogen] for RNA isolation).

Locating the site of gene transfer in muscle of a large animal: because it
may be difficult to locate the site of gene transfer in a large muscle, we
often include carbon particles in the vector solution for injection of large
animals (generally only in some of the injection sites) (8). Black ink from
a pencil or fountain pen manufacturer is spun in a centrifuge to recover the
carbon particles. These are washed with 100% ethanol for sterilization, air-
dried under a sterile hood, and re-suspended in sterile PBS. The carbon par-
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ticle suspension (1/10 of final volume) is mixed with the vector solution just
prior to injection. We did not find any inflammation at the site of carbon de-
posit in injected muscle tissue (Fig. 2C). Transgene expression and pres-
ence of carbon particles is generally co-localized. Expression is usually
limited to an area of 1-1.5 cm in diameter from the center of the injection.
Transduction of different fiber types: Tibialis anterior and quadriceps mus-
cles in a mouse are exclusively fast-twitch fibers. Immunohistochemistry
typically reveals a “patchy” pattern of gene transfer with strongly trans-
duced fibers next to untransduced or weakly transduced fibers following im
injection of an AAV-2 vector. These data suggest a limiting step for trans-
duction of myofibers with AAV-2. Pruchnic et al. have shown that AAV-2
preferentially transduces slow-twitch fibers and is comparatively less effi-
cient in transduction of fast-twitch fibers (46). This can be demonstrated by
injection of the vector into the soleus (>90% slow-twitch fibers) and gas-
trocnemius (a mix of both fiber types) muscles. These fiber types can be dif-
ferentiated histochemically by staining with monoclonal antibodies specific
for the slow or fast isoform of myosin. Slow-twitch fibers appear to overex-
press heparin sulphate proteoglycan, the primary receptor for AAV-2.
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AAV-Mediated Gene Transfer to the Liver

Thomas M. Daly

1. Introduction

The liver is a frequent target of gene-transfer experiments, because of its cen-
tral role in many metabolic and synthetic pathways. For applications where pro-
longed expression of genes in the liver is required, adeno-associated virus
(AAV) has proven to be an effective tool for in vivo gene transfer. High-level,
persistent hepatic expression has been achieved in a number of experimental
systems following a single treatment with AAV in murine and larger animal
models (1,2). This prolonged expression is particularly useful for the treatment
of genetic diseases such as the inborn errors of metabolism, where lifelong ex-
pression of the deficient enzyme may be required. Therapeutic benefits using
AAV vectors have been demonstrated in animal models of amino acid disorders,
lysosomal storage diseases, and coagulopathies (3-5), and Phase I clinical tri-
als are proposed for the treatment of hemophilia B (6).

Gene transfer to the murine liver using AAV is achieved by intravenous (iv)
injection of recombinant virus, either via a peripheral or portal vein. The liver
is the primary organ transduced following intravenous injection of AAV, al-
though other tissues such as heart and lung may also take up virus to a lesser
extent when peripheral injection sites are used (7). Portal-vein injection can re-
duce the amount of extra-hepatic transduction, and allows a larger dose of virus
to be delivered to the liver. However, this technique requires surgical expertise,
and can only be performed on adult mice.

Our laboratory is interested in inborn errors of metabolism, diseases that
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often present early in life. The following procedure describes a peripheral in-
jection method used to achieve hepatic transduction with AAV in neonatal mice.
Injections are performed via the superficial temporal vein (see Note 1) (8). The
use of newborn animals allows a very high dose/kg to be given, resulting in high
levels of liver transduction. This process requires no special equipment, and re-
sults in rapid, high-level expression of transduced genes within a week of in-
jection, and persistence of activity for at least 1 yr (4).

2. Material

1. AAV vector. The virus may be prepared by any method (see Note 2), but
should be suspended in a sterile biologically compatible diluent such as
Opti-MEM without phenol red (Gibco BRL).

2. 1 cc Hamilton syringe with 30 G needle.

3. Magnifier lamp with flourescent light source (2X-6X). Although the in-
jection can be performed without magnification, the use of a magnifying
lamp greatly simplifies the procedure.

3. Methods

The injection process requires two people, with one person to hold the new-
born mouse and a second person to inject. The procedure should be performed
in a hood, and is most easily done with both people seated.

1. Wipe down hood with 70% ethanol, and position injection equipment
(magnification lamp, chairs, needles, etc) prior to removing mice from cage
(see Note 3).

2. Prime a 1-cc syringe with a 30 G needle using 100 pL of sterile OPTI-
MEM, and eject fluid. Draw 100 pL. of AAV solution into syringe, avoid-
ing the introduction of air bubbles into the syringe.

3. Remove the entire litter containing mice to be injected from cage, and place
on a bed of paper towels in hood. Close the original cage containing par-
ents and place aside.

4. The first researcher should select the mouse to be injected and immobilize
as described in Note 4 and Fig. 1. Be extremely careful not to restrict the
animal’s breathing during the hold.

5. While the first researcher immobilizes the animal, the second researcher
should insert the needle, bevel side up, under the skin approx 1-2 mm to
one side of the superficial temporal vein, parallel to the vessel. Advance the
needle so the bevel is just under the skin.

6. Visualizing the needle through the transparent skin, slide the needle above
the superficial temporal vein, bevel upward, and advance the tip of the nee-
dle into the vein until you see the tip of the needle obscured by blood flow.
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Fig. 1. Neonatal injection technique. (A) The mouse should be immobilized between
the thumb and index finger of the left hand, while the right index finger is used to ex-
tend the neck. The direction of approach for the injection is indicated by the arrow. (B)
The superficial temporal vein is highlighted.

7. Upon entry into the vessel, slowly (3-5 s) inject 100 uL of AAV solution.
(see Note 5).

8. Remove the needle, and apply direct pressure with a Kim-Wipe for 1-2 min
until bleeding has stopped. Do not press too hard on animal’s head.

9. Continue with next animal to be injected until all animals in the litter have
been injected. The entire litter should be returned to the dam at the same
time (see Note 6).

4. Notes

1. The superficial temporal vein is a prominent vessel located just below and
behind the eye, running toward the neck (Fig. 1). It is visible through the
skin from birth until d 3—4 of life, when the accumulation of pigment in the
newborn skin makes visualization difficult. Injections are best performed
on d 2 of life. Although it is possible to inject the vessel earlier (d 1), we
have noticed a higher incidence of litters being killed by the parents when
mice are injected on the first day of life.

2. If AAV has been prepared using cesium chloride gradients, the virus must
be purified by dialysis prior to injection. Even very small amounts of ce-
sium are toxic to newborn mice when given in an injection of this volume,
and will result in the rapid death of the animal. Virus should be thawed
shortly before use and kept on ice until time of injection. We have seen de-
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tectable liver transduction using titers as low as 5 X 107 infectious units
(TU)/mL (9), but titers of 0.5-1.0 X 10° IU/mL give much better results
(>50% of hepatocytes transduced 1 week after injection) (4).

3. Mortality from the injection process is uncommon. However, excessive ma-
nipulation of the newborn mice can cause the parents to kill the entire litter.
Therefore, the time that the litter is away from the parents should be mini-
mized as much as possible, and further manipulation of the mice (i.e., cage
changes) following injection should be avoided until at least the next day.

4. To immobilize the newborn mouse, hold the animal gently in the left hand,
with the dorsal surface of the mouse resting against the left index finger and
the head near the tip of the left index finger. Use the left thumb to restrain
the animal’s right forelimb. With the right index finger, gently extend the
neck of the mouse, so that the superficial temporal vein is clearly visible
and runs in a straight line into the neck (see Fig. 1). A gentle tension should
be maintained on the skin of the head, in order to allow the needle to enter
smoothly.

5. In some cases, one can see the vein blanch as the solution is injected, but
this is not always apparent. The main indicator of a successful injection is
a lack of swelling at the injection site. If the needle has slipped out of the
vein, the injection site will swell as fluid is injected into the subcutaneous
tissue. If this happens, the injection should be aborted, as it is very difficult
to reenter the vein once you have lost the initial injection.

6. An excellent way to practice this technique is by injecting a solution of non-
toxic green food coloring (diluted 1:4 with sterile PBS), which will allow
you to track the injection. Following a successful injection, the entire
mouse will rapidly turn green as the dye is distributed throughout the body.
An unsuccessful injection will produce a localized green area around the
injection site. The dye is rapidly excreted, and injected mice will appear
normal by the following day.

References

1. Koeberl, D. D., Alexander, 1. E., Halbert, C. L., Russell, D. W., and Miller, A. D.
(1997) Persistent expression of human clotting factor IX from mouse liver after in-
travenous injection of adeno-associated virus vectors. Proc. Natl. Acad. Sci. USA
94, 1426-1431.

2. Snyder, R. O., Miao, C. H., Patijn, G. A., Spratt, S. K., Danos, O., Nagy, D., et al.
(1997) Persistent and therapeutic concentrations of human factor IX in mice after
hepatic gene transfer of recombinant AAV vectors. Nat. Genet. 16, 270-276.

3. Chen, S. J., Tazelaar, J., Moscioni, A. D., and Wilson, J. M. (2000) In vivo selec-
tion of hepatocytes transduced with adeno-associated viral vectors. Mol. Ther. 1,
414-422.



AAV Transduction of Liver 199

4.

Daly, T. M., Ohlemiller, K. K., Roberts, M. S., Vogler, C. A., and Sands, M. S.
(2001) Prevention of systemic clinical disease in MPS VII mice following A AV-me-
diated neonatal gene transfer. Gene Ther. 8, 1291-1298.

. Jung, S. C., Han, I. P,, Limaye, A., Xu, R., Gelderman, M. P., Zerfas, P., et al. (2001)

Adeno-associated viral vector-mediated gene transfer results in long-term enzy-
matic and functional correction in multiple organs of Fabry mice. Proc. Natl. Acad.
Sci. USA 98, 2676-2681.

. Kay, M. A., Miao, C. H., Ohashi, K., Arruda, V., McClelland, A., Couto, L. B, et

al. (2001) A proposed rAAV-Liver-directed clinical trial for hemophilia B. Mol.
Ther. 3, S33.

. Ponnazhagan, S., Mukherjee, P., Yoder, M. C., Wang, X. S., Zhou, S. Z., Kaplan,

J., et al. (1997) Adeno-associated virus 2-mediated gene transfer in vivo: organ-tro-
pism and expression of transduced sequences in mice. Gene 190, 203-210.

. Sands, M. S. and Barker, J. E. (1999) Percutaneous intravenous injection in neona-

tal mice. Lab. Animal Sci. 49, 328-330.

. Daly, T. M., Vogler, C., Levy, B., Haskins, M. E., and Sands, M. S. (1999) Neona-

tal gene transfer leads to widespread correction of pathology in a murine model of
lysosomal storage disease. Proc. Natl. Acad. Sci. USA 96, 2296-2300.






14

AAV-Mediated Gene Transfer to Mouse Lungs

Christine L. Halbert and A. Dusty Miller

1. Introduction

The ability of adeno-associated viral (AAV) vectors to promote persistent
gene expression in nondividing cells in multiple somatic tissues of animals
(1-4) makes them excellent tools for gene transfer. One tissue of interest for
gene transfer is the lung epithelium, which is afflicted in cystic fibrosis (CF).
However, although initial animal studies done with vectors based on AAV type
2 have demonstrated transduction in multiple cells types in the lung, the rates
were modest in alveolar cells and much lower rates in airway epitheila and re-
quired high particle numbers (5-7). In contrast, an AAV6 encapsidated vector
showed preferential transduction of epithelial cells in large and small airways
(8) at rates that exceeded the 5% efficiency rate predicted to have a therapeutic
value for CF gene therapy (9). In fact, recent studies using vectors based on
other AAV types showed that types 1-6 have different tissue tropisms (10-15),
and that types 5 and 6 are more efficient than type 2 in lung epithelium (8,14).
In mouse lung, an AAV?2 vector gave modest transduction rates.

For animal gene-transfer studies, a panel of different AAV vectors can be
generated by utilizing different capsids. The production of AAV vectors having
different capsids is relatively simple because AAV types 1, 2, 3, and 4 and 6
have many regions of homology that are important for vector replication and
packaging (15-18). Owing to these similarities, vectors can be generated from
different combinations of rep, cap, and vector genome from the various AAV
types. However, for simplicity, an AAV2 vector can be packaged in all capsid
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types. The region with the greatest variation lies in the cap gene, and the trans-
duction efficiency achieved by these vectors in vivo is primarily determined by
the capsid or the vector pseudotype. Thus in approaching in vivo studies,
pseudotyping of one vector, such as an AAV?2 vector, into the different capsid
types is a logical first step. After determining which capsid type performs best,
attempts to further increase the efficiency can be made, for example, by modi-
fying the internal packaged vector to have the inverted terminal repeat (ITR) se-
quence derived from the same AAV type as the capsid.

The procedures described in this chapter are suitable for production of AAV?2
and AAV6 vectors or pseudotype vectors in sufficient quantity and purity for
lung experiments in small rodents. Focus has been placed on these two capsid
types because AAV6 performs well in the airway epithelium (8), whereas the
AAV?2 capsid performs better in alveolar cells (8,19). Production of AAV 5 is
not described because it does not bind to heparin, which is utilized in our pro-
cedure. However, from our limited experience, we have found AAVS to be sta-
ble in cesium chloride, as reported previously (14,17). AAV2 and AAV6 vectors
expressing human placental alkaline phosphatase (AP) are generated by co-
transfection of several plasmids into 293 cells. Concentration and purification
of AAV vectors are done by centrifugation and affinity columns (20). Inocula-
tion of mice is noninvasive and is performed under mild gas anesthesia, and the
in situ histochemical staining allows efficient and easy assay of transduction in
various cell populations of the lung.

2. Materials
2.1. Sources of Enzymes, Reagents, and Supplies

1. NaCl, CaCl,, NaH,PO,, Na,HPO,, HEPES, sucrose, sodium dodecyl sul-
fate (SDS; also called sodium lauryl sulfate), and Tris-Cl are available from
Sigma (St. Louis, MO).

2. Deoxyribosenuclease (DNase), tRNA, and proteinase K are available from
Invitrogen (Carlsbad, CA).

3. Random-primed DNA labeling kits are available from Boehringer
Mannheim (Indianapolis, IN).

4. Nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate
disodium salt (x-phos) are available from Sigma.

5. HiTrap heparin 1 mL columns are available from Amersham (Cat. no. 17-
0406-01) (Arlington Heights, IL).

6. Spectra/Por (dialysis tubing MW co 50,000) is available from Spectrum
Laboratories (Rancho Dominguez, CA).

7. 25 X 89 mm polyallomer centrifuge tubes (Cat. no. 326823) are available
from Beckman (Palo Alto, CA).

8. Isoflurane is available from Abbott Laboratories (North Chicago, IL).
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0.

10.

Laboratory Animal Anesthesia system may be obtained from VetEquip
(Pleasanton, CA).

Mice. We routinely use C57BL/6 mice at 8—10 wk of age for experiments,
although other strains such as BALB/c, C3H, Ragll, and 129/SV may also
be used. All strains are available from Taconic (Germantown, NY).

2.2. Solutions and Culture Medium

1.

Tissue-culture solutions: Dubecco’s modified Eagle’s medium (DMEM),
0.05% trypsin with ethylenediaminetetraacetic acid (EDTA), Dulbecco’s
phosphate-buffered saline (PBS), and Hanks’ Balanced Salt Solution
(HBSS) are all available from Invitrogen.

. Tissue culture medium: DMEM supplemented with 10% fetal bovine serum

(FBS).

Transfection solutions: 500 mM HEPES-NaOH, pH 7.1; 2.0 M NaCl; 2 M
CaCl,; 150 mM Na,HPO,-NaH,PO,, pH 7.0.

Purification solutions: 40% sucrose in PBS.

Heparin column buffers: HBSS and HBSS containing 300 mM, 500 mM,
or 1 M NaCL

Fixatives: 3.7% formaldehyde in PBS for fixation of tissue-culture cells;
2% paraformaldehyde in PBS for fixation of mouse lungs.

AP staining reagents: 50 mg/mL NBT in 30% absolute ethanol; 10 mg/mL
x-phosphate in water.

AP buffer: 100 mM Tris-HCI, pH 8.5, 100 mM NaCl, 50 mM MgCl,.

. AP staining solution: AP buffer containing 1 mg/mL NBT and 0.1 mg/mL

x-phosphate.

2.3. Plasmids

L.

Amplify plasmids in recombination-deficient bacteria (21) according to
standard methods (22) and purify the supercoiled form by ion-exchange
column (Qiagen) or CsCl gradient centrifugation.

ARAP4-2, an AAV2-based vector, contains the human placental alkaline
phosphatase (AP) cDNA expressed from a Rous sarcoma virus (RSV) pro-
moter and enhancer sequences, and contains the SV40 polyadenylation se-
quences. ARAP4-2, pCMVE4orf6, and the AAV2 packaging plasmids,
MTrep2 and CMVcap2, and the AAV6 plasmids pARAP4-6, pMTrep6, and
pCMVcap6 have been previously described (8,23). Other plasmids for AAV
production can be substituted.

2.4. Cells

L.

Human embryonic kidney 293 cells (24) and human HT-1080 fibrosarcoma
cells (ATCC CCL 121) are available from American Type Culture Collec-



204 Halbert and Miller

tion (Manassas, VA) and are maintained in DMEM supplemented with 10%
FBS, penicillin, and streptomycin at 37°C in an atmosphere of 5% CO,/air.

3. Methods
3.1. Vector Production and Purification

1. Day 1. Trypsinize subconfluent cells, count cells, and seed 4 X 10° cells
per dish into one hundred 10-cm tissue-culture dishes in 10 mL of cell-cul-
ture medium so that the cell monolayer will be approx 75 % confluent the
next day.

2. Day 2. Prepare the following DNA-CaCl, mixture for 100 transfections in
a disposable 50-mL tube.

. 500 pg of pMTrep packaging plasmid.
. 500 pg of pCMVcap packaging plasmid.
. 500 pg of pARAP4 vector plasmid.
. 500 pg of pPCMVE4orf6 helper plasmid.
. 6.25 mL of 2.0 M CaCl,.
Bring the final volume to 50 mL with distilled water.

o o0 o e

In a separate tube, prepare the Precipitation Mixture:

a. 5 mL of 500 mM HEPES-NaOH, pH 7.1.
b. 6.25 mL of 2.0 M NaCL
¢. 0.5 mL of 150 mM Na,HPO,-NaH,PO,, pH 7.0.
Bring the final volume to 50 mL with sterile distilled water.

Place 10 mL of the aforementioned mixture in each of five 50-mL tubes.

3. Add 10 mL of the DNA-CaCl, Mixture drop-wise to an equal volume of
precipitation mixture while vortexing. Incubate for 30 min at room tem-
perature to allow a fine precipitate to form. Add 1 mL of DNA precipitate
to each 10 cm dish of cells. Inoculate 20 dishes at a time (i.e., from one tube
of precipitated DNA), then return the dishes to the incubator. Repeat until
all dishes have been treated.

4. Day 5. Cells will exhibit cytopathic effect of viral production manifested as
a swollen and beadlike appearance. Aspirate the medium without disturb-
ing the cells from 20 dishes. Harvest the cells from 20 dishes in 20-25 mL
of DMEM. To do this, add 10 mL of DMEM to the first of 20 dishes, har-
vest the cells by pipetting medium gently three to four times over the cells
to dislodge them, then add the cell-containing medium to the next dish. Be-
fore harvesting the cells in the second dish, take another 10 mL of DMEM
and add it to the first dish to rinse and collect the remaining cells. Then har-
vest the cells from the second dish by gently pipetting 10 mL of cells and
culture medium (from the first dish) onto the cells in the second dish. Re-
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peat for 20 plates, using 10 mL to harvest and 10 mL to obtain residual
cells. After 20 plates have been washed, approx 25 mL of cells in DMEM
is collected (the volume is more than 20 mL owing to residual medium left
in the plates after aspiration). Repeat for all 100 dishes. Prepare five tubes,
each containing approx 20-25 mL of cells in DMEM. Transfer the tubes to
a dry ice/ethanol bath (see Note 1).

5. Freeze and thaw the cell suspensions three times by transferring the tubes
between a dry ice/ethanol bath and a 37°C water bath, vortexing after each
thaw. Centrifuge the crude lysates at 69009 for 30 min at 4°C (see Note 2).
Remove the medium from the cell-debris pellet and keep the medium on
ice. Carefully overlay the medium (20-22 mL) on 15 mL of a 40% sucrose
solution in six 25 X 89 mm polyallomer centrifuge tubes. Centrifuge the
preparation at 131,0009 for 18 h at 4°C rotors (see Note 3).

6. Day 6. Remove and discard the supernatant. Add 0.5 mL of HBSS to each
tube to cover the pellets. Let the viral pellets resuspend for 20 min at room
temperature. Pool the vector pellets from the six tubes in a total of 3 mL of
HBSS (see Note 4).

7. Purification of AAV2 or AAV6 vectors over a heparin column. Elute the
storage buffer from a heparin column by applying 5 mL of HBSS under
gentle pressure using a 5-cc syringe. Equilibrate the column with another 3
mL of HBSS; elute the HBSS at approximately one drop per second. Leave
the column with the last approx 1 mL of HBSS for 20 min at room tem-
perature. Apply the vector solution using a 5-cc syringe in 1 mL aliquots;
allow 10 min for each 1 mL aliquot to bind. Wash the column with 3 vol-
umes (3 mL) each of HBSS, HBSS containing 0.3 M NaCl, 0.5 M NaCl,
and 1.0 M NaCl. Catch the flow-through in 1-mL fractions (See Note 5).
For AAV6 vectors, load the 0.3 M fractions, and for AAV?2, load the 0.5 M
fractions in dialysis tubing and dialyze in 1 L of HBSS for 2 h at 4°C.
Freeze aliquots of the vector at —80°C.

3.2. Vector Characterization

3.2.1. Analysis of Transducing Titer

Determine the infectious titer of ARAP4 vector stocks by using HT-1080
cells as targets for transduction.

1. For each vector to be assayed from Subheading 3.1., plate 5 X 104 HT-
1080 cells in 2 mL of medium into each well of 6-well dishes. Incubate
overnight at 37°C in an incubator with 5% CO,.

2. Make 10-fold serial dilutions of the vector ranging from 102 to 10~ by
diluting 10 pL of vector the from the heparin fractions into 1 mL of
DMEM, then making 10-fold serial dilutions. Inoculate 100 uL of each di-
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lution to the cells in duplicate wells; include two wells as a control without
virus. Incubate the cells for 3 d at 37°C in an incubator with 5% CO,.

3. Remove the medium from the cells. Fix the cells in 2 mL of PBS contain-
ing 3.7% formaldehyde for 5-10 min followed by washing three times in 3
mL of PBS (5 min each). Inactivate endogenous AP activity by heating the
plates at 68°C for 1 h in the final PBS wash. Aspirate the final wash. Add
2 mL of AP staining solution and incubate the plates overnight at room tem-
perature. AP+ cells will stain dark purple in the cytoplasm and membrane.
Count foci of AP+ cells to obtain AP+ Focus-Forming Units (FFU) to de-
termine the transducing titer of the vector stock (expressed as FFU/mL).

3.2.2. Analysis of Genome Equivalents

Perform Southern analysis on vector stocks to determine the number of
genome-containing particles in the vector preparation (22).

1. Incubate 2 pL of vector preparation (103 genome-containing particles) of
an AAV2- or AAV6-AP vector (107 or 109 AP+ FFU, respectively) with 100
U of DNase in a total volume of 200 pL at 37°C for 15 min.

2. Add 1.5 pL of 0.5 M EDTA and 10 pg of tRNA to the vector, then inacti-
vate the DNase at 68°C for 10 min.

3. Add 2 pL of 10% SDS, and 2 pL of proteinase K (20 mg/mL), then incu-
bate the solution at 56°C for 3 h.

4. Extract the virion DNA twice, each time with an equal volume phenol/chlo-
roform (1:1). Transfer the aqueous phase to a clean microfuge tube.

5. Add 1/10 volume of 3 M sodium acetate and two volumes of ethanol to pre-
cipitate the virion DNA. Incubate at —20°C for 16 h. Centrifuge the virion
DNA in a microfuge (20 min at full speed and 4°C), aspirate the super-
natant, then resuspend the pellet in 20 pL of water and incubate at 65°C for
15 min. Vortex the sample briefly and recentrifuge for a few seconds to pel-
let the DNA suspension.

6. Load 5 pL of virion DNA on a 1% neutral agarose gel to visualize its size as
well as to quantify the amount of DNA. Include on the gel vector plasmid-
control DNA, digested with a restriction enzyme that releases the vector
from the plasmid backbone, at 50 pg, 500 pg, and 5 ng (representing approx
107, 108, and 109 single-stranded genomes, respectively, for a 6 Kb plasmid).
Transfer the DNA from the gel to a nylon membrane, denature the DNA, and
hybridize to probe containing the AP cDNA purified by gel isolation and la-
beled with 32P using a random-primed DNA labeling kit. Vector DNA bands
are visible after a 4 h exposure. A typical AAV vector stock contains approx
1011-1012 particles per mL. Particle-to-infectivity, as determined by FFU in
HT1080 cells, is approx 1 X 102 and 2 X 104 for AAV2 and AAV6 pseudo-
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type AAV-AP (such as ARAP4), respectively. It is better to normalize differ-
ent vector pseudotypes according to genome equivalents rather than trans-
ducing titer for animal administration because the titer is a function of the
target cell and varies for each cell line with each vector and vector pseudo-

type.

3.3. Vector Administration

1.

Based on the analysis of the virus stock in Subheading 3.2.2., prepare an
aliquot of the vector at 1010-101! genome equivalents in 50-75 pL in
HBSS; place the aliquot at room temperature.

Set up a laboratory animal anesthesia system according to standard proce-
dures provided by the manufacturer. Sedate the mice in the anesthesia
chamber containing isofluorane (2.5%) in oxygen at a flow rate of 1 L/min.

. After sedation, remove the animal from the chamber and place it in a supine

position with nares pointing up. If the animal exhibits signs of waking by
twitching its whiskers, continue to deliver the anesthesia mixture by use of
a nose cone. When the animal does not exhibit a jerking response to a light
pinch on the footpad, remove the nose cone and deliver the vector in a
50-75 uL aliquot into the nares of the mouse (see Note 6).

. After administration of the vector, watch the mouse until it becomes alert;

steady breathing should resume in less than 1 min. Place the animal gently
into its cage with its head tilted upright during recovery; do not attempt to
invert the animal immediately after vector inoculation.

3.4. Fixation and Histochemical Staining of Lungs

1.

Four weeks after vector administration euthanize the mouse using CO,.

2. Exsanguinate the animal via cardiac puncture using a 1-mL syringe and a

0.5 in 25 G needle.

. Open the chest cavity and expose the lungs and trachea. Puncture the tra-

chea with a 20 G needle. Insert a blunted 22 G needle into one end of a
catheter approx 7 cm long with a diameter of 0.8—1 mm (slightly less than
the diameter of the mouse trachea). Insert the catheter into the trachea and
attach the trachea to the catheter by tying a string around the trachea just
below the inserted catheter.

Extirpate the Iung and trachea (with attached catheter and needle).

. Connect the needle on the catheter to a 30-mL syringe filled with 2%

paraformaldehyde and fitted with a three-way stopcock. Attach a 1-mL sy-
ringe to the side opening of the three-way stopcock to drain the trapped air
in the lung. Extraction of air using the 1-mL syringe creates negative pres-
sure in the lung, which promotes the flow of fixative into the lung to ade-
quately fix and preserve the normal cell architecture.
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6. When the lobes of the lung have been adequately inflated with fixative,
close the stopcock and immerse the lung in 15 mL of fixative for 2-3 h at
room temperature. Remove the catheter and syringes.

7. Dissect the lung so that each lobe is cut along its main bronchial airway.
Rinse the lung tissue three times in dPBS (30 min each rinse), then place it
in a 15-mL conical tube with 7 mL of dPBS. Incubate the tube in a 68°C
water bath for 70 min to heat-inactivate endogenous AP. Afterwards, rinse
the tissue in AP buffer for 15 min and stain overnight in AP staining solu-
tion at room temperature. Staining is done in the dark because the staining
reagents are light-sensitive.

8. Remove the AP staining solution by rinsing the tissue for 1-2 h in PBS.

9. Photograph AP staining in the gross tissue using a dissecting microscope.

10. To quantify the transduction efficiency, cut the stained tissue slices from the
entire lung into 3 mm blocks, then embed the blocks in paraffin. Using a mi-
crotome, cut 5-um thick sections such that a slice from the block contains a
representative sample from the entire lung. Counterstain some of the sec-
tions with nuclear-fast red (see Fig. 1, Note 7) and others with hemotoxylin
and eosin (H&E). Quantitate transduction efficiency by counting the num-
ber of AP+ cells per section on the slides stained with nuclear-fast red. The
AP+ cells are more difficult to see in the slides counterstained with H&E,
however, H&E staining can give a better visualization of cell morphology
and histopathology. To determine the number of AP+ alveolar cells, count
AP+ -stained cells in 10 random 1 mm? areas in several of the 5-pum sections.
For all other cell types, determine the number of AP~ cells by counting the
AP+-gstained cells for each particular cell type in all of the 5 um sections
from a 3-mm block of tissue; the total area may be most easily quantified by
scanning stained slides (e.g., using Adobe Photoshop) and is approx 0.5-1
cm?/slide. Express transduction efficiency as AP+ cells/cm?2 (see Fig. 2 and
Note 7).

4. Notes

1. Recently, we used adenovirus helper plasmids that contain adenovirus E2a
and VA in addition to the E4orf6 gene. Generally, cells exhibit a higher cy-
topathic effect with the helper plasmid containing additional adenovirus
genes that a significant percentage of the cells are floating and/or lysed by
day 3. In such a case, both cells and medium can be harvested. The collec-
tion volume is greater than if only the cell monolayer is harvested, which
makes purification much more tedious. However, the vector production is
higher than with adenovirus E4orf6 (two- to fivefold). Therefore, one can
decrease the number of total; plates transfected.

2. This is equivalent to 6000 rpm in an HS-4 rotor.

3. This is equivalent to 27,000 rpm in an SW28 rotor and requires two rotors.
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Fig. 1. Histochemical detection of AP expression in mouse lungs 1 mo after vector
exposure. Saline-treated lungs did not exhibit AP* cells, whereas the lungs of mice
given AAV vector (7 X 10! genome-containing particles) exhibited AP+ cells that
stained dark purple: AP+ alveolar cells (arrows), airway epithelial cells (arrowheads),
and smooth-muscle cells (clear arrows). Tissue was stained in situ for AP and counter-
stained in slide sections with nuclear-fast red. Original magnifications of photographs
are 200X.

4. If aggregates are seen in the vector solution, gently pass the viral solution
through a 22 G needle and centrifuge at maximum speed in a tabletop cen-
trifuge for 5 min. Transfer the clarified virus preparation to a new tube.

5. We usually collect 1-mL samples from each wash and keep them separate
for titering (Subheading 3.2.1.). For AAV6 vectors, the first two 1-mL sam-
ples from the 0.3 M NaCl wash, and, for AAV2 vectors, the first two 1-mL
samples from the 0.5 M NaCl wash, usually have the highest titers. Alter-
natively, the entire 3-mL fraction from each wash may be pooled and as-
sayed in bulk. We occasionally collect and assay the higher concentration
NaCl washes to confirm that all of the vector has been eluted.

6. To inoculate the vector, lay the mouse down with its nose pointing up and
with the tip of the pipet close to the nares of the mouse. The vector will
form as droplets on the pipet tip, with each droplet being spontaneously as-
pirated by the mouse. The entire delivery should not exceed 5 s.
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Fig. 2. Quantitation of transduction rates in mouse lungs 1 mo after vector exposure.
Vector capsid pseudotypes are indicated. Abbreviations for cell types are indicated at
the bottom: ALYV, alveolar cells; DA, distal airway epithelial cells; BE, bronchial airway
epithelial cells (having underlying cartilage); SMe, smooth muscle cells underlying ep-
ithelium; and SMyv, smooth muscle in vascular walls. Mean and SEM are given. n = 3
animals in each group.

7.

This protocol has been used in studies comparing transduction by AAV2
and AAV6 pseudotype vectors in mouse lung (8). In one experiment, a vec-
tor having an AAV?2 capsid was compared to one having an AAV6 capsid.
Mouse lungs treated with saline did not exhibit AP+-staining cells (Fig. 1,
lower left panel), whereas those treated with an AAV6-encapsidated vector
exhibited abundant AP*-staining cells in the airway epithelium and in alve-
olar cells (Fig. 1, top panels). The transduction efficiency in airways was
high, with up to 80% of the cells in some airways expressing AP. In con-
trast, mouse lungs treated with the AAV?2 vector exhibited much lower AP
staining in the airway epithelium (Fig. 1, lower right panel).

Quantitation of the number of AP cells shows that the AAV2 encapsi-
dated vector transduced alveolar cells at 100-fold and 1000-fold higher
rates than it transduced cells of the distal airway and bronchial epithelium,
respectively (Fig. 2).

Transduction of smooth-muscle cells by both AAV2 and AAV6 was also
lower than transduction of alveolar cells. The AAV6-encapsidated vector
showed a lower transduction efficiency of alveolar cells and smooth-mus-
cle cells compared with the AAV2-encapsidated vector. In contrast, the
transduction of epithelial cells in distal airways and larger bronchial air-
ways was 10-fold and 100-fold higher, respectively, for AAV6-encapsi-
dated vector than for AAV?2 encapsidated vector. Administration of a lower
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dose of vector (10!! genome-containing particles) gave similar relative
transduction efficiency for both the AAV2 and AAV6 vectors (data not
shown). The experiments in mouse lungs showed that AAV6 capsids con-
sistently performed more efficiently than did AAV2 capsids at mediating
transduction of airway epithelial cells.
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Gene Delivery to the Mammalian Heart
Using AAV Vectors

Danny Chu, Patricia A. Thistlethwaite, Christopher C. Sullivan,
Mirta S. Grifman, and Matthew D. Weitzman

1. Introduction

There are a large number of cardiovascular diseases that could be treated by
myocardial gene transfer (1,2). These include congestive heart failure, ischemic
heart disease, and cardiomyopathy. In addition to its potential for treatment of
disease, myocardial gene transfer is useful for the analysis of gene expression
and promoter function and for generating animal models of human disease
such as pulmonary hypertension. The ideal vector for myocardial gene therapy
should give efficient and stable transduction of cardiomyocytes in vivo. Re-
combinant adenovirus vectors have been used to transduce cardiomyocytes in
rodents, rabbits, pigs, and humans by both intramyocardial injection and intra-
coronary infusion (3-5). Although efficient transduction can be obtained with
adenovirus vectors, immune responses and elimination of transduced cells re-
sults in only transient expression in immunocompetent hosts. Vectors based on
recombinant adeno-associated virus (rAAV) offer a number of attractive fea-
tures and are emerging as promising gene transfer vehicles for many in vivo ap-
plications.

Experiments with reporter genes have shown that rAAV vectors can effi-
ciently transduce murine and rat cardiac myocytes in vitro (6—8). There are two
major methods of in vivo gene delivery to mammalian hearts using a viral vec-
tor system. The first method involves direct intramyocardial injection of the
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virus into the cardiac muscle via a thoracotomy incision. This method allows
direct organ targeting of gene delivery as well as location specificity within that
organ. The gene of interest delivered by this particular method is not expressed
anywhere in the animal other than the site of injection in the heart, as viral par-
ticles do not enter the systemic circulation. The second method for myocardial
gene delivery is perfusion of the virus into the coronary circulation. This method
of gene delivery has proven not to be organ-specific and often results in hepatic
accumulation of the virus in preference to the heart. Direct myocardial injection
with rAAV vectors results in efficient transduction (40% around the needle in-
jection site) of cardiomyocytes in vivo (8,9). In addition, direct injection of
rAAV expressing vascular endothelial growth factor (VEGF) into mouse my-
ocardium has been used to induce angiogenesis in a model of ischemic my-
ocardium (8). Efficient transduction by rAAV in vivo has also been observed
after intracoronary perfusion in mice (6) and pigs (10). Unlike adenovirus vec-
tors, no inflammatory cell infiltration or myocyte necrosis is observed with
rAAV vectors and transgene expression is stable for at least 6 mo (6,8-10).

In this chapter we describe protocols for gene delivery to the heart using
rAAV vectors. This chapter will enable the reader to become proficient in de-
livering AAV carrying the gene of interest into rodent hearts via direct in-
tramyocardial injection of the virus. We produce rAAV vectors in the absence
of contaminating helper virus by using the triple transfection method (11). Cells
(human 293 cell line) are transfected with a vector plasmid containing the trans-
gene cassette flanked by viral inverted terminal repeats (ITRs), a packaging
plasmid (pXX2) that expresses the AAV Rep and Cap proteins, and a helper
plasmid (pXX6) that supplies adenoviral gene products to enable replication
and packaging. Vectors are harvested in cell lysates and purified by iodixanol
gradient ultracentrifugation. We titer the virus by quantitating genomic particles
using Southern blotting or real-time polymerase chain reaction (PCR) and as-
sess transgene expression by limiting dilution transduction. Protocols to purify
rAAV vectors have been previously published (12-14) and are therefore not re-
produced here. Instead, specific steps of rodent anesthesia and techniques of
survival surgery will be discussed in depth.

2. Materials

AAV carrying gene of interest; at least 1 X 1011 particles/mL titer.

Albino Fischer rats 10-12 wk old (Harlan, San Diego, CA).

Ketamine 100 mg/mL (Fort Dodge Animal Health, Fort Dodge, 1A).
Xylazine 20 mg/mL (VEDCO, Inc., St. Joseph, MO).

Antisedan 5 mg/mL (Animal Health, Exton, PA).

Oto-opthalmoscope with nasal speculum attachment (Welch-Allyn, San
Diego, CA).

AN E L=



AAV Delivery to the Heart 215

7.
8.
0.
10.
11.
12.
13.

14.
15.
16.

17.
18.
19.
20.
21.
22,

23.

24.

25.
26.

14 G angiocatheter (1-in length).

7-in long small-caliber, soft, flexible guide-wire.

Puralube Vet Artificial tear ointment (Allpets.com, Hazelton, PA).

Animal ear hole puncher (Fisher Scientific, Pittsburgh, PA).

Insulin syringes.

Harvard Rodent Ventilator (Harvard Apparatus Inc., Holliston, MA).
Standard small animal surgical instruments (including small self-retaining
retractor).

Electric hair shaver (Fisher Scientific).

70% EtOH.

Battery operated electro-cautery (optional) (Solan, Accu-Temp, San Diego,
CA).

3-cc syringe with 26 G diameter rubber flexible tubing attached.

4-0 Prolene sutures noncutting needle.

2 X 2 gauze.

3-0 Vicryl cutting needle.

Animal scale (Fisher Scientific).

X-gal solution: 1 mg/mL of X-gal, 5 mM potassium ferro-cyanide, 5 mM
potassium ferric-cyanide, 2 mM magnesium chloride (Sigma-Aldrich, St.
Louis, MO).

Kinematics PT2000 Polytron Tissue Homogenizer (Fisher Scientific).
Buffer A: 50 mM Tris-HCI, pH 7.5, 1 mM EDTA, 1 mM EGTA, 0.5 mM
Na,VO,, 1% Triton X-100, 50 mM sodium chloride, 5 mM sodium py-
rophosphate, 10 mM sodium glycerophosphate. (Add following at time of
use: 0.1 mM PMSEF, 0.1% 2-mercaptoethanol, 1 pg/mL of aprotinin, pep-
statin, leupeptin) (Sigma-Aldrich, St. Louis, MO).

RNAzol™ B (TelTest, Inc., Friendswood, TX).

Turboblotter Transfer System (Schleicher & Scheull, Keene, NH).

3. Methods

1.

The first step for successful in vivo gene delivery is anesthetizing the ani-
mal (15). Determine the appropriate amount of anesthetics based on the
weight of the animal (see Table 1). Using intraperitoneal (ip) injection, de-
liver the appropriate dose of a mixture of Ketamine (100 mg/mL) and Xy-
lazine (20 mg/mL). The amount of ip anesthesia should sedate the animal
within approx 15-20 min (see Note 1).

. Apply artificial eye lubricant to the animal’s eyes in order to prevent them

from drying during the procedure.

As soon as the animal is appropriately sedated, perform an endotracheal in-
tubation with the help of a nasal speculum device (see Fig. 1B) and a thin,
flexible guide-wire (see Note 2). Once the animal’s vocal cords are visual-
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Table 1

Rodent Anesthesia Table

Body Anesthesia Body Anesthesia
weight (g) mix (mL)* weight (g) mix (mL)*
150 0.150 330 0.330
155 0.155 335 0.335
160 0.160 340 0.340
165 0.165 345 0.345
170 0.170 350 0.350
175 0.175 355 0.355
180 0.180 360 0.360
185 0.185 365 0.365
190 0.190 370 0.370
195 0.195 375 0.375
200 0.200 380 0.380
205 0.205 385 0.385
210 0.210 390 0.390
215 0.215 395 0.395
220 0.220 400 0.400
225 0.225 405 0.405
230 0.230 410 0.410
235 0.235 415 0.415
240 0.240 420 0.420
245 0.245 425 0.425
250 0.250 430 0.430
255 0.255 435 0.435
260 0.260 440 0.440
265 0.265 445 0.445
270 0.270 450 0.450
275 0.275 455 0.455
280 0.280 460 0.460
285 0.285 465 0.465
290 0.290 470 0.470
295 0.295 475 0.475
300 0.300 480 0.480
305 0.305 485 0.485
310 0.310 490 0.490
315 0.315 495 0.495
320 0.320 500 0.500
325 0.325

* Anesthesia mix: 1.0 mL Ketamine (100 mg/mL) + 1.0 mL Xylazine (20 mg/mL).
Deliver by injection 50 mg/kg Ketamine + 10 mg/kg Xylazine.
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ized, insert the guide-wire through the vocal cords. With the guide-wire in
the vocal cords and the speculum removed, carefully thread a 15 G angio-
catheter over the guide-wire through the vocal cords into the animal’s tra-
chea. Promptly remove the guide-wire and connect the angiocatheter to the
Harvard Animal Ventilator for a test breath (see Note 3).

Set the ventilator at a minute-ventilation of approx 120 mL/min. For ex-
ample, a typical setting would be a tidal volume of 2.0 mL and a respira-
tory rate of 60.

. Position the animal in a semi-decubitus position with left side up (see Fig.

1C). Use an electric shaver to remove the excess fur from the planned in-
cision site. Briefly clean the skin and its surrounding area with 70% EtOH.
Perform a left postero-lateral thoracotomy incision to access the heart (see
Fig. 1D). Once the skin is incised, the next layer of muscle is the latissmus
dorsi muscle. Incise this layer to reveal the intercostal muscles and the ser-
ratus anterior muscle (see Fig. 1E).

. Use the serratus anterior muscle as a landmark to enter the appropriate in-

tercostal space. Once the intercostal space is entered, the heart and lung are
easily identifiable.

. Insert a small self-retaining rib spreader and gently spread the ribs apart for

improved operative visualization. Open the thin layer of pericardial mem-
brane with either scissors or a blade (see Note 4).

. Once the pericardial sac is incised, prepare the virus carrying the gene of

interest for injection. Use 200 pL of virus for each animal from a stock that
is at least 1 X 101! particles/mL (see Note 5). Directly inject the virus into
the left ventricular apex of the heart at a shallow angle (see Note 6). Divide
the vector into three separate injections in order to deliver the gene to a con-
fluent uniform area along the left ventricular apex (see Fig. 1F).

Once hemostasis is satisfactorily achieved (see Note 7), begin closure of
the intercostal muscles and ribs with 4-0 Prolene or nylon (nonabsorbable)
suture. Prior to tying these intercostal sutures, insert flexible small-caliber
suction tubing into the thoracic cavity.

After tying the intercostal sutures, use a syringe to evacuate the air/fluid in
the thoracic cavity in order to regain the normal negative physiologic in-
trathoracic pressure.

Close the skin incision with running 3-0 Vicryl (absorbable) suture. Anti-
sedan can be given ip at this point to reverse the anesthesia (2.5 mg/kg for
each rat).

When the animal is making spontaneous breathing efforts as evident by di-
aphragmatic movements, disconnect the ventilator from the endotracheal
tube. Do not remove the endotracheal tube if there is no evidence of sponta-
neous movement of the animal’s neck (an indication that the airway muscles
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are functioning spontaneously to protect the animal from aspirating gas-
trointestinal contents) (See Note 8). An alternative method of delivery to the
mammalian heart involves intracoronary perfusion of the virus (16,17). The
steps are similar to direct intramyocardial injection (see Note 9).

Sacrifice animals at various time postinjection and surgically remove heart
(see Note 10). The heart and other organs can be processed for analysis of
gene expression at the whole organ level (see step 15), at the cellular level by
histochemistry of fixed sections (see step 16), at the protein level by Western
blot analysis (see step 17), or at the RNA level by Northern (see step 18).
The explanted hearts can be analyzed for transgene expression at the gross
level. For animals injected with rAAV.LacZ expression of 3-galactosidase
(B-gal) can be assessed by X-gal staining the whole organ (see Note 10).
Wash heart three times briefly with PBS and fixed overnight at 4°C in 4%
paraldehyde solution. Rinse three times briefly in PBS and stained with X-
gal solution overnight at 37°C (see Fig. 2).

For analysis at the cellular level by histochemistry, wash heart three times
with PBS solution and fix overnight at 4°C in 4% paraldehyde solution. Se-
rially dehydrate heart with ethanol and embed in paraffin blocks for sec-
tioning. Cut 5-um thick sections of the hearts for staining and analysis. Ex-
pression of f-gal can be assessed by X-gal staining. Stain sections with
hematoxylin and eosin and observe for inflammatory infiltrates by mi-
croscopy (See Note 11).

For protein analysis wash heart three times with cold PBS after explanting
and store at —80°C until further use. Weigh out approx 100 mg of tissue
from the apex of the heart. Homogenize tissue with Polytron Tissue Ho-
mogenizer in 2 mL of cold Buffer A and then centrifuged at 15,8009 at 4°C
for 30 min. Collect the supernatant and store at —80°C. Determine protein
concentration using the Bradford assay and run approximately 40 pg of
total protein from each sample on a 7.5% Tris-Glycine Sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) gel. Transfer to a ni-
trocellulose membrane and perform Western blot analysis to the transgene.
Include an antibody to a cellular protein (e.g., actin) as a loading control.

Fig. 1. Surgical procedures for intramyocardial injection. (A) Technique for immo-

bilization of rats for anesthetic injection. (B) Position of animal for intubation. (C) Po-
sition of animal for left posterolateral thoracotomy. (D) Skin incision of animal approx
1 fingerbreadth above the xiphoid cartilage. (E) Serratus anterior muscle as a landmark
for entering the appropriate intercostal space. (F) Left ventricular apex of the animal’s
heart shown after entering the left thoracic cavity.
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Fig. 2. Transduction of rat hearts by recombinant AAV and Ad vectors. Hearts were
harvested from rats after intramyocardial injection of rAAV.LacZ or Ad.LacZ at 7 and

30d

postinjection. Gross cross-section photographs are shown of hearts stained for -

galactosidase with X-gal.

18.

For RNA analysis, wash heart three times with cold PBS after explanting
and store at —80°C until further use. Weigh out approx 300 mg of tissue
from the apex of the heart. Homogenize tissue with a Polytron Tissue Ho-
mogenizer in 6 mL of cold RNAzol™ B and continue RNA isolation ac-
cording to the manufacturer’s protocol. Dissolve the RNA in 50 uL of
DEPC-treated water and determine the concentration by spectrophotometic
quantitation. Run approx 20 pg of total RNA from each sample on a 1.2%
agarose-formaldehyde gel. Transfer RNA to a nylon membrane according
to the Turboblotter Transfer System protocol for 6 h then immobilize the
RNA by UV cross-linking. Prehybridization/hybridization should be car-
ried out using standard Northern protocols. Perform Northerns for the
transgene as well as an internal control (e.g., actin).

4. Notes

1.

There are multiple ways of securing the rat for ip injection of anesthetics.
The best and least traumatic way is to use a towel to cover the animal’s en-
tire body while holding its tail gently. Hold the rat along with the towel cov-
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ering its eyes in order to calm the animal (Fig. 1A). The towel should also
protect the researcher from being bitten. Hold the animal’s head between the
index and the middle fingers securely. Use the thumb and the other fingers to
securely hold the animal’s front legs. Release the tail and hold the animal
standing upright on its hind legs on the table with its abdomen showing and
its eyes covered with the towel. At this point, the animal should not be strug-
gling at all. The rat’s abdomen should be easily accessible in this forced up-
right standing position. The nondominant hand should be holding the animal
in such an upright position while the dominant hand is used for ip injection
directly in the middle of the abdomen. Take care to avoid injury to the liver
and/or the bladder by aspirating the syringe prior to injection of its contents.

2. After the animal is appropriately sedated with anesthesia, the intubation
should proceed as soon as possible because the anesthetics can cause res-
piratory depression quite rapidly. During the insertion of the guide-wire be-
yond the vocal cords, multiple failed attempts may cause increasing laryn-
geal secretions and bleeding, making visualization of the vocal cords more
difficult. A small cotton swab may be used to absorb these fluids and pro-
vide better visual identification of the vocal cords for further attempts.

3. When the intubation tube is in the trachea, the chest cavity should rise and
fall with each breath given by the ventilator. One finger should be placed
on the animal’s upper abdomen to feel for possible gastrointestinal intuba-
tion. If the esophagus is intubated instead of the trachea, one should be able
to feel the stomach being inflated rapidly and progressively. If this happens,
the ventilator should be disconnected IMMEDIATELY, and another attempt
to intubate the trachea should be made promptly.

4. Prior to entering the thoracic cavity, it may be useful to decrease the tidal
volume and increase the respiratory rate on the ventilator in order to obtain
better visual exposure of the heart.

5. We have found that the absolute minimum concentration of AAV to achieve
successful in vivo delivery to the rodent heart is 1 X 10!! particles/mL.
Concentrations of AAV lower than 1 X 1011 particles/mL will not yield ad-
equate gene expression.

6. When injecting the virus into the left ventricular apex of the myocardium, the
needle should be approx 0.5—1.0 mm beneath the myocardium at a very shal-
low angle in order to avoid injecting the virus into the left ventricular cavity.
A way to ensure proper intra-myocardial injection is to visualize the brief
blanching (whitening) of the myocardium during the injections. Blanching
of the myocardium simply implies that the myocardial muscle wall is being
compressed briefly by the gene delivery. If a viral injection occurs without
blanching, the virus is simply being introduced into the left ventricular cav-
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ity and directly into the systemic circulation with each stroke of the heart.
Therefore, it is very important to visualize the blanching of the myocardium
during viral injections. Hemostasis is achieved by packing the thoracic cav-
ity gently with some 2 X 2 gauze.

. Battery operated electro-cautery can be used to achieve hemostasis if nec-

essary. However, it is to be used with extreme caution because the 70%
EtOH used to cleanse the animals skin is extremely flammable.

. Ten percent of the animals usually die within the first 48 h postoperatively

from anesthesia complication, aspiration pneumonia, and cardiac arrhyth-
mia. These complications are usually hard to avoid. Survival rate for the an-
imals following this type of procedure is usually 90% even in the most ex-
perienced hands.

. Both intramyocardial injection and intracoronary perfusion methods of gene

delivery require a thoracotomy incision to ensure adequate gene transfer.
The steps are similar to direct intramyocardial injection method with a few
exceptions. Rats are anesthetized in a similar fashion as described in Steps
1-4, Subheading 3. Intraoperatively, the aortic arch is circumscribed with a
suture but not tied. A small 27 G angiocatheter is inserted into the left ven-
tricle at the apex of the heart. The angiocatheter is gently threaded rostrally
just past the aortic valve, so that the tip of the angiocatheter is caudal to the
suture circumscribing the aortic arch. The aortic suture is briefly tied down
when the virus is infused into the angiocatheter to ensure the virus is directed
into the coronary circulation and not the systemic circulation. When the in-
fusion is completed, the aortic suture and angiocatheter are removed. He-
mostasis is achieved by applying a 2 X 2 gauze on the left ventricular apex,
the site where the angiocatheter entered the left ventricular space. The chest
is closed with sutures after evacuating the pleural air as described in steps
10-12, Subheading 3. This method has been used to transduce murine and
porcine myocardium using rAAV vectors (6,10,16,17).

For rAAV the earliest gene expression will be detectable at 3—4 wk post-
delivery. The duration of gene expression varies from 3 to 12 mo accord-
ing to the literature (6-12). In comparison, injection with Ad.LacZ results
in high levels of gene expression within the first week, but falls off to un-
detectable levels by 1 mo postinjection (see Fig. 2).

There is little to no inflammatory effect on the myocardium after rAAV in-
jection.
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Gene Delivery to the Mouse Brain
with Adeno-Associated Virus

Marco A. Passini, Deborah J. Watson, and John H. Wolfe

1. Introduction

The efficient transduction of postmitotic cells by adeno-associated virus (AAV)
makes it an excellent vector to deliver marker, functional, or therapeutic genes to
the mammalian brain. An attractive feature of AAV is that all the viral-coding se-
quences are removed when engineering the recombinant genome, thereby limit-
ing the extent of cell toxicity and immune response that are often associated with
viral gene transcription (1).

Of the seven described AAV serotypes, AAV serotype-2 (AAV?2) is the most
studied gene-transfer vehicle for in the mammalian brain. A feature of AAV2
transduction in the brain is that the vector remains confined to the injection site
and predominately infects neurons rather than glia (2-8). The limited diffusion
of AAV2 vectors is beneficial for controlled gene delivery. For instance, target-
ing therapeutic genes only to brain structures showing pathology would elimi-
nate complications associated with vector diffusion and subsequent expression
in healthy structures, and is an important consideration when designing treat-
ment strategies for localized neurodegenerative diseases. The same is true for
other experimental paradigms, such as investigating the function of genes in
specific brain structures or using marker genes in tract-tracing experiments. Al-
though AAV?2 vectors were shown to remain predominately at the injection site,
one study demonstrated that the vector itself may undergo axonal transport in
inter-regional systems (9).
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The seven AAV serotypes differ from one another by their capsid proteins
(10-14). The fundamental basis for viral infection involves the interaction be-
tween the capsid proteins with molecules on the surface of the host cell. Thus,
the different AAV serotypes target different cell-surface receptors for binding,
which may lead to complementary and unique transduction patterns in the cen-
tral nervous system (CNS). This was illustrated by the finding that AAV2 and
AAVS use different attachment receptors on cell surfaces (15-17), which ex-
plains the different transduction patterns observed for both serotypes in the
brain (7,18) and retina (19), as well as lung (20) and muscle (21). Furthermore,
AAVS5 was shown to diffuse further through the mouse brain parenchyma com-
pared to AAV2 (7). Although the attachment receptors for the other AAV
serotypes have not been identified, AAV4 shows a strong preference for trans-
ducing ependymal cells of the brain rather than the underlying parenchyma, and
also transduces the retina very efficiently following subretinal injection into
adult rats (19). AAV1 and has yet to be examined in the brain, but has been
shown to transduce the retina with moderate efficiency (19).

Successful gene transfer to the CNS must also rely on activity from the pro-
moter supporting expression. Previous reports demonstrated that the duration of
AAV vector expression declined in the adult rodent brain when using viral pro-
moters (3,22-26). This could be owing to the inability of certain brain regions
to support transcription following the methylation of viral regulatory sequences,
as observed with the cytomegalovirus (CMV) promoter (27). The downregula-
tion of CMV was attenuated when the chicken B-actin enhancer was attached
to CMV to produce a hybrid promoter (5). When a pure mammalian regulatory
promoter was engineered into an AAV genomic vector, such as the neuronal-
specific enolase and platelet-derived growth factor promoters, long-term ex-
pression was observed in the CNS (23-26,28). However, the relatively large size
of both the pure or hybrid promoters is a disadvantage when engineering re-
combinant genomes owing to size limitations in AAV packaging reactions (29).
Our laboratory has used a small, eukaryotic housekeeping promoter (human -
glucuronidase) (30,31) capable of long-term expression in multiple brain struc-
tures (8,32). The 378 base-pair human B-glucuronidase promoter would there-
fore provide a distinct advantage in somatic gene-transfer experiments
involving large cDNAs.

Gene transfer with AAV?2 to the developing brain has also been performed in
newborn mice (32-34). The smaller size of the neonatal brain is better suited for
achieving global delivery of the transferred gene, because intraparenchymal in-
jection of a volume of AAV2 would cover a larger area of the developing brain
compared with a similar injected volume into an adult brain. Furthermore, intra-
ventricular injection of AAV?2 results in widespread brain transduction when the
vector is administered into the cerebrospinal fluid (CSF) during neonatal devel-
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opment (32), whereas similar intraventricular injection into the adult brain results
in a very limited transduction pattern (7). In addition to achieving widespread
gene delivery, administration of AAV2 vectors during neonatal development may
provide a better clinical outcome for a wide variety of inherited CNS diseases by
blocking the onset of pathology or by reducing the severity of the disease.

In this chapter, we describe how to deliver genes to the adult brain. Any AAV
serotype can be used with this procedure. The protocol for neonatal gene deliv-
ery is found elsewhere and will not be covered in this chapter (32-35). The in-
formation obtained in this chapter should aid in AAV-mediated somatic gene-
transfer experiments to the adult mammalian brain.

2. Materials
2.1. AAV Vectors for Brain Injections

1. AAV virions generated by triple transfection (36,37) work well in gene-
transfer experiments to the mammalian brain (See Note 1). Titers ranging
from 1012-1013 genomic particles/mL should be used to ensure high in vivo
transduction efficiency.

2. Sterile, autoclaved glycerol should be added to the viral stock solution to a
final concentration of 5%. Aliquots ranging from 20-50 uL should be made
and frozen at —80°C to avoid multiple freeze-thaw cycles.

3. On the day of injection, remove tube(s) from —80°C and thaw on ice. Load
the viral solution into the Hamilton syringe when ready to begin surgery.

2.2. Brain Surgery

1. Anesthesia. Ketamine (100 mg/mL, Ketaset, Fort Dodge Animal Health,
Fort Dodge, Iowa) and Xylazine (20 mg/mL, Phoenix Pharmaceutical Inc.,
St. Joseph, MO), 0.9% sterile saline, disposable sterile syringes with 27 G
needles (Fisher, Pittsburgh, PA).

2. Surgical Preparation. Small electric shaver and disposable scalpel (Webster
Veterinary Supply, Sterling, MA), ethanol swabs (Fisher), stereotaxic frame
(Kopf Small Animal Stereotaxic Frame Model 900, David Kopf Instru-
ments, Tujunga, CA).

3. Drilling and Injection. Drill and drill bits (Foredom FM3545 control with
MH145 hand-piece, Kopf), Hamilton syringe with 26-30 G needle for vec-
tor injections (Fisher), and pump (Stoeltling 310; Stoelting Co, Wood Dale,
IL).

4. Manual. Manuals and review articles for stereotaxic surgery are helpful in
illustrating the steps of surgery, and are available (38,39).

5. Atlas. A mouse brain atlas will be helpful in determining the stereotaxic co-
ordinates for the brain structures of interest (40).
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6. Postoperative care. Absorbable suture thread (Vicryl with C3 needle,
Ethicon, Inc. Somerville, NJ) and heating pad (Gaymar Industries, Orchard
Park, NY).

2.3. Transcardial Perfusion and Dissection of Brain from Skull

1. Perfusion. Dissecting tray, sterile 1X PBS, fixative (4% paraformalde-
hyde/1X PBS, pH, 7.4), large scissors for cutting the skin, fine scissors for
cutting the abdominal wall and diaphragm, forceps, butterfly needle (23 X
3/4 in infusion set, Abbott Laboratories no. 4565, Chicago, IL), three-way
valve, infusion pump, and tubing.

2. Dissection. Bone crusher (RS8282, Roboz Surgical Instrument Company,
Inc., Rockville, MD).

2.4. Preparation of Brain Tissue for Cyrosectioning

1. 30% Sucrose, 100% optimal cutting temperature (OCT) solution (Sakura
Finetek USA, Torrance, CA), disposable plastic molds (Polysciences, Inc.,
Warrington, PA), slides (Fisher).

2.5. Reagents for Detection of f-Glucuronidase on Frozen
Tissue Sections

1. Solution 1 (Chloral hydrate formalin fixative): 1% chloral hydrate in 20%
(v/v) neutral-buffered formalin in distilled water: Mix 0.1 g chloral hydrate
(Sigma C8383, St. Louis, MO), 20 mL neutral-buffered formalin, 80 mL
deionized water. Chloral hydrate is extremely hygroscopic. A DEA license
is required for chloral hydrate purchase and use. Store at 4°C.

2. Solution 2: Chloral-formal-acetone fixative). Mix seven parts acetone to
three parts solution 1.The solution will be cloudy when first mixed. Put at
37°C until clear, then filter through 0.45 pm filter. Store at 4°C.

3. Solution 3: 0.2 M sodium acetate buffer. Mix 20 mL of 1 N HCI, 40 mL of
1 M sodium acetate and 140 mL deionized water. Adjust pH to 4.5. Store
at 4°C.

a. Solution 3a: 0.05 M sodium acetate, pH 4.5. Dilute solution 3 at 1:4 with
deionized water and adjust the pH to 4.5. Store at 4°C.

b. Solution 3b: 0.05 M sodium acetate, pH 5.2. Dilute solution 3 at 1:4 with
deionized water and adjust the pH to 5.2. Store at 4°C.

4. Solution 4 (0.25 mM napthol AS-BI B-p-glucuronide in 0.05 M sodium ac-
etate buffer, pH 4.5): Add 13.7 mg napthol AS-BI f-p-glucuronide (Sigma
N1875) to 100 mL of solution 3a. Dissolve with stirring at 37°C but do not
raise the temperature above 50°C. Store at 4°C.

5. Solution 5: 0.25 mM napthol AS-BI -p-glucuronide in 0.05 M sodium ac-
etate buffer, pH 5.2. Add 13.7 mg napthol AS-BI B-p-glucuronide (Sigma
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N1875) to 100 mL of solution 3b. Dissolve with stirring at 37°C but do not
raise the temperature above 50°C. Store at 4°C.

. Components of the substrate solution.

a. Solution 6a (4% pararosaniline chloride). Dissolve 0.04 g pararosaniline
chloride (Sigma P3750) in 1.0 mL 2 N HCI. Make 1 d before use and
vortex well to mix. Store at 4°C for up to 3 wk.

b. Solution 6b (4% sodium nitrite). Dissolve 0.04 g sodium nitrite (Fisher
S347-250) in 1 mL deionized water. Make 1 d before use and vortex well
to mix. Store at 4°C for up to 1 wk.

. To make the filtered substrate solution (prepare 10-30 min before staining):

Mix equal volumes of solution 6a and 6b (add the pararosaniline to the
sodium nitrite to minimize precipitation). Add 1 volume of the mixture to
500 volumes of solution 5 (e.g., 20 uL of the 6a/6b mixture to 10 mL of so-
lution 5). Filter through a 0.45-pum filter before use.

8. 1% aqueous methyl green extracted three to four times with CHCl,.
9. Aqua Polymount (Polysciences, Inc.).

3. Methods
3.1. Brain Surgery

L.

Weigh the adult mouse to determine the amount of anesthesia to inject into
the intraperitoneal cavity (see Note 2). Use a dose of 100 mg/kg of keta-
mine and 5 mg/kg of Xylazine. When the mouse does not respond to pinch-
ing of the footpad, it is anesthetized.

Shave the head with an electric razor and swab the scalp with 70% ethanol.
Make a straight incision along the midline of the head to expose the un-
derlying skull.

. Mount the mouse on a stereotaxic frame, and make sure that the head is

level. Ear bars should also be used to fix the head in place to maintain
proper 3-D alignment for the stereotaxic coordinates.

Align the drill directly over bregma. This morphological landmark is the in-
tersection between the coronal and sagital suture lines. Using the coordi-
nates of bregma as a reference point, move the drill using the anterior—pos-
terior and medial-lateral knobs to the desired coordinates of the brain
structure of interest.

. Carefully move the skin to one side with a sterile cotton swab. Activate the

drill and carefully lower it using the dorsal-ventral knob. As the drill
touches the outside of the skull, carefully continue turning the knob so that
the drill presses onto the skull with more pressure. Raise the drill on a con-
sistent basis to determine if complete penetration of the skull occurred.
Once the drill-hole is made, raise the drill and remove it from the stereo-
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taxic frame and replace it with a Hamilton syringe that contains the AAV?2
vector solution.

. Lower the Hamilton syringe into the drill-hole so that the tip of the needle

is approx 0.5 mm below the top base of the skull. Consider this location as
the top of the pial surface of brain.

Lower the needle into the parenchyma to the desired depth (see Note 3).
After reaching the target site, inject 1-2 pL. of the AAV solution at a rate of
0.2 pL/min.

. Once the injection is complete, leave the needle in place for 1-2 min to en-

sure complete absorption of the virus to the surrounding area. Then, raise
the needle slowly to prevent back-flow of the virus out of the injection hole.

. Remove the mouse from the stereotaxic frame and suture the scalp. Place

the cage on a heating pad and cover the cage floor with a paper towel. Place
the mouse on the paper towel and wet a small handful of food and place
near the mouse. The mouse will lick the water off the food when it begins
to recover from the surgery to prevent becoming dehydrated. The mouse
should wake up from surgery after 30 min and be groggy in the cage be-
tween 1-4 h postoperation. Once the mouse is moving, place the cage back
in the ventilated rack.

Transcardial Perfusion and Dissection of Brain from Skull

Transcardial perfusion results in fixation of molecules in the brain and over-
all maintenance of morphology.

1.

2.

Deeply anesthetize the mice with a dose of 0.1 mL of 5.0 mg of ketamine
and 1.0 mg of xylazine.

Carefully make an incision along the belly of the mouse that extends to the
top of the chest. Hold the abdominal wall with forceps and cut the wall with
fine scissors. Do not cut the organs below.

. When the ribcage is reached, cut the diaphragm on the left side to enter the

chest cavity. Do not initially cut the right side of the diaphragm because you
may puncture the heart.

. The heart should be beating. Locate and cut the right atrium to allow for

the blood to drain during the perfusion.

. Holding the heart with forceps, locate the left ventricle and carefully insert

a butterfly needle and perfuse with 1X PBS. Do not insert the needle too
deep. The liver should turn light in color. Perfuse 10-15 mL of 1X PBS over
a 5-min period.

After perfusing with 1X PBS, perfuse with approx 30-35 mL of fixative so-
lution over a 20-min span (see Note 4). The perfusion should be done in the
hood to avoid inhaling the fixative. Remove the needle when completed.
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7. Cut the skin over the head and expose the skull. Using a bone crusher, make

a small break at the back of the skull. This should expose the medulla. Care-
fully, work your away from the back of the brain to the front with the bone
crushers. Forceps may be used to help remove the bone as you are moving
around the skull. Remove the brain and place it in fresh fixative solution
and incubate overnight at 4°C.

3.3. Preparation of Brain for Cyrosectioning

1.

Transfer the brain to a fresh tube containing 30% sucrose at 4°C (see Note
5). The brain will initially float. Incubate the brain until it sinks, which takes
approx 24-36 h.

Remove the sunken brain from the 30% sucrose solution and transfer it to
a plastic mold containing 100% OCT. Let the brain infiltrate in the 100%
OCT at room temperature for 1 h.

. Make a flat bed of crushed dry-ice (—80°C) (see Note 6). In the plastic

mold, stand the brain on the olfactory bulb for coronal, on its side for sag-
ital, or flat for horizontal sections. The 100% OCT is very viscous and the
brain will maintain its correct suspended position for a small time period
before tipping over. Use forceps to help the brain maintain the desired ori-
entation if it begins to tip.

. Place the plastic mold on top of the dry-ice and keep monitoring the brain

so that it doesn’t tip before freezing in the block. Use forceps to guide it
back into the proper orientation. After the block is completely frozen, trans-
fer the block to —80°C for storage.

. On the night before cyrosectioning, transfer the block to —20°C to equili-

brate to the cutting temperature. Using a cryotome, cut sections ranging
from 5-20 pm in thickness.

Slides designated for B-galactosidase or other enzyme staining reactions, or
immuno-histochemistry should be stored at —20°C. Slides designated for
in situ hybridization should be stored at —80°C. Protocols pertaining to the
analysis of gene-transfer experiments to the brain for B-galactosidase (41)
and B-glucuronidase (6,42) enzyme staining reactions, immunohistochem-
istry (3,22,23), and in situ hybridization (32,43,44) are available.

3.4. Analysis of p-Glucuronidase Expression on Frozen Tissue Sections

1.

Bring the slides to room temperature (20 min) and draw a ring around the sec-
tions with a hydrophobic slide marker (such as PAP pen, Kiyota Intl. Inc).

2. Immerse the sections in solution 2 for 30 min at 4°C.

3.

Wash the slides in three changes of solution 3a. It is essential to rehydrate
the slides well. If the slides are in a rack, 3X 10 min incubations with agi-
tation at 4°C will suffice.
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Incubate the slides in solution 4 for 4 h to overnight at 4°C.

. Remove the slides, aspirate the remaining fluid, and remark the hydropho-

bic well if necessary.

. Place the slides horizontally in a flat tray and add the filtered substrate so-

lution to cover the sections.

Incubate the trays horizontally overnight in a humidified 37°C incubator.
Stop the reaction by rinsing the slides well in distilled water. Counterstain
with 1% methyl green if desired.

. Cells positive for B-glucuronidase activity will be visualized by a red pre-

cipitate. For long-term storage, mount a coverslip with Aqua Polymount
and store at room temperature.

4. Notes

L.

2.

DNA harvested by Qiagen (Valencia, CA) maxi-prep is suitable to be used
in triple transfection protocols when generating recombinant AAV virions.
Inhalant anesthesia can be substituted for injectable anesthesia in fragile
mice strains. In this case, a precision isoflurane vaporizor should be used at
a range of 1.5-3.0% (SurgiVet Inc., Waukesha, WI).

. If injections are to be done in multiple structures along the dorsoventral

axis, inject the ventralmost structure first and then raise the needle dorsally
to the subsequent site(s).

Improper perfusion will result in the brain being malleable to touch when
dissecting the tissue from the skull. Improper perfusion may also contribute
to a lacy brain, which can interfere with the analysis.

. Another major contributor to a lacy brain is insufficient cryoprotection. If

one were to freeze the brain before it has completely sunken in the 30% su-
crose solution, the nondisplaced water molecules would form ice crystals
during the freezing process. The formation of these ice crystals would pro-
duce holes in the brain.

Isopentane-liquid nitrogen can be substituted for dry ice during the freez-
ing process (40).
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Delivery of DNA to Tumor Cells In Vivo Using
Adeno-Associated Virus

Selvarangan Ponnazhagan and Frank Hoover

1. Introduction

The number of published studies on transduction of tumor cells in vivo using
recombinant adeno-associated virus (rAAV) vectors is very limited compared
with those that have been published on targeting normal cells. A major reason
for this can be attributed to the biology of the vector itself. AAV, being a non-
pathogenic vector capable of providing transgene integration and long-term ex-
pression, is ideally suited for the correction of metabolic defects either to re-
place a defective protein/enzyme or to elevate their otherwise suboptimal levels
in the system. However, increased understanding of both the biology of tumor
progression and potential utility of AAV-based vectors suggests that this vector
can also be wisely used for cancer gene therapy.

1.1. Possible Approaches for Cancer Gene Therapy Using AAV Vectors

The anti-oncogenic properties of wild-type AAV (wtAAV) have been ob-
served long before the realization of the potential of this vector for gene ther-
apy (1). Until recently, this property was attributed to the nonstructural protein
of AAYV, which is also toxic to cells (2). However, in a recent report, Raj et al.
described selective killing of tumor cells that contain mutant pS3 through initi-
ation of apoptotic signals following the introduction of single-stranded AAV
genome. This suggested a new approach to gene therapy against tumors that are
positive for mutant p53 expression (3). Although stable integration and long-

From: Methods in Molecular Biology, vol. 246:
Gene Delivery to Mammalian Cells: Vol. 2: Viral Gene Transfer Techniques
Edited by: W. C. Heiser © Humana Press Inc., Totowa, NJ

237



238 Ponnazhagan and Hoover

term expression capabilities of AAV vectors may not be a desirable/beneficial
characteristic for therapy targeting the tumor cells directly, these features can
be advantageous for targeting normal cells of the body that can exert influence
on the control of tumor growth. Activation of the host immune system against
tumor growth or arresting the growth of tumor neovasculature through anti-an-
giogenesis by targeting endothelial cells of tumor origin are some examples of
targeting normal cells for which AAV can be used (4). These strategies can be
employed by transducing the vector either directly at the site of tumor or trans-
ducing normal tissue such as muscle and systemically expressing the therapeu-
tic protein in secreted form. The main advantage of vector administration to
tumor cells is the vicinity of target cells, which not only includes tumor cells
themselves but also other target cells such as tumor endothelium in anti-angio-
genic therapy or immunomodulation of the host system by cytokine gene trans-
fer or chemoattracting antigen-presenting cells (APCs) to the site of tumor for
the uptake, processing, and presentation of tumor antigens for tumor-specific T-
cell response.

Prior to the application of intratumoral AAV administration in human pa-
tients, it is important to investigate the efficacy, delivery, and therapeutic impact
in preclinical animal models. Thus, procedural details given in this chapter may
benefit those in this field of study. A vast majority of preclinical evaluation of
gene-therapy vectors by intratumoral administration have been done in subcu-
taneously grown syngeneic or xenograft cell lines. Hence, the present protocol
will describe a method of intratumoral rAAV administration in tumors devel-
oped as xenografts in rodents. This protocol can, however, be modified to tar-
get tumors that are grown in other organs. All animal protocols must be ap-
proved by Institutional Animal Care and Use Facility or other appropriate local,
state, and federal regulations.

2. Materials

1. TAAV containing a gene of interest, which can be a reporter gene such as
B-galactosidase (B-gal), green fluorescent protein (GFP), or luciferase, or a
therapeutic gene such as an enzyme, growth factor, or cytokine. Several
methods are currently being used to prepare rAAV. The general principle of
rAAV preparation involves rescue and packaging of mature virions from a
plasmid vector containing the gene of interest cloned within the inverted
terminal repeats (ITRs) of AAV. We currently use a discontinuous density-
gradient centrifugation followed by heparin-agarose affinity column purifi-
cation (5). Quantitation of the vector can be done either by slot-blot analy-
sis, by infectious center assay (5) or by real-time polymerase chain reaction
(PCR) (6). The vector is resuspended in PBS for intratumoral administra-
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7.

tion. The vector can be stored at 4°C up to 4 wk. For longer storage, we rec-
ommend storage at —80°C.
Tumor cell lines (Example: U-87MG, ATCC, Manassas, VA).

. Microinjection pump Model UMP2-1 (World Precision Instruments Inc.,

Sarasota, FL).

Matrigel (Collaborative Research, Bedford, MA).

Nude rats (Rowett, Aberdeen, Scotland).

Stereotactic animal frame (Model 900, David Kopf Instruments, Tu-
junga, CA).

Bulldog clamps (Algaier Instruments GmbH, Tuttlingen, Germany).

3. Methods
3.1. Development of Subcutaneous Tumors

Human tumor cell lines can be implanted in 4—-6-wk-old nude mice (athymic

nude or SCID mice). Depending on the growth characteristics of a particular
cell line, the number of cells to be implanted can vary. For example, when we
administer between 0.5—1 X 107 SKOV3.ip1 cells (a human ovarian cancer cell
line), palpable tumors appear in approx 10 d. If the growth rate of a tumor cell
line is not known, we recommend conducting a pilot study with different
amounts of cells before performing an experiment with the vector.

3.1.1. Preparation of Tumor Cells

1.

2.

e

Prepare a fresh culture of the cell line to be implanted using appropriate
media and other additives such as serum, antibiotics, cytokines, and so on.
Expand cultures by splitting the cells before they reach confluence because
overcrowding may retard subsequent growth characteristics.

. On the day of tumor cell implantation, harvest the cells by using trypsin-

ethylenediaminetetraacetic acid (EDTA) to detach the cells; use one-tenth
the volume of trypsin-EDTA compared to the total volume of medium used
to maintain the culture.

. Incubate the cells at 37°C until they begin to round up (once again, the time

of trypsin treatment varies between cell lines). Tap the vial to detach the
cells. Do not incubate the cells in trypsin for an extended period of time be-
cause it will decrease the viability.

. Stop trypsin activity by adding 10 volumes of medium containing 10%

serum.
Collect the cells in sterile centrifuge tubes and pellet at 500g for 5 min.
Remove the supernatant and resuspend the pellet in 10-20 mL of PBS.
Pellet the cells as before.
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9. Resuspend the cells in cold PBS or 50% Matrigel in PBS at a concentra-
tion of 1-2 X 108 cells/mL. Addition of matrigel allows the implanted cells
to remain clustered at the site of injection and minimizes dispersion.

3.1.2. Implantation of Tumor Cells

1. Anesthetize the mice by subcutaneous administration of ketamine (100
mg/kg body weight) and xylazine (15 mg/kg body weight), abdominally.

2. Using a sterile alcohol swab, clean the area of the flank region.

3. Using a 1 cc syringe with a 25 G needle, deliver the required number of
cells/tumor nodule subcutaneously (sc) in a volume of 50-100 pL: insert
the needle carefully approx 1 cm under the skin between the skin and mus-
cle, then inject the cells (see Note 1).

4. Observe the animal for proper recovery following the injection.

5. Once the tumor starts growing to a palpable size, make measurements at
least three times every week. Measure the tumor volume with digital
calipers for two-dimensional longest axis (L. in mm) and shortest axis (W
in mm) and calculate the tumor size using the formula:

Volume in mm3 = (L X W2)/2

3.2. Intratumoral Injection of rAAV

The volume of virus to be injected depends on the size of tumor. More care
is needed when the vector is delivered to a tumor of less than 100 mm3. Hence,
we recommend that the volume of virus suspension be kept as small as possi-
ble, ideally around 25 pL for sc developed tumors.

1. Prepare the virus in PBS to be injected in a 0.5-cc insulin syringe with a 26
G. Use a separate syringe for injection into each tumor nodule.

2. Anesthetize the mice with ketamine and xylazine

3. Clean the area of tumor with a sterile alcohol swab.

4. Gently insert the needle into the tumor nodule so that the tip of the needle

stays approximately at the center of the tumor. Use the caliper reading from

each tumor to empirically determine the required distance to insert the

needle.

Slowly inject the virus (up to 25 pL) with constant pressure (see Note 2).

6. Monitor the animals for recovery after the procedure and observe them
daily for any complications. If they appear ill or fail to recover properly,
they should be humanely euthanized.

9
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3.3. Development of Intracranial Tumors

3.3.1. Implantation of Tumor Cells

A larger animal such as a rat will be easy to handle if the xenografts are de-
veloped in the brain. Xenografts into young male and female nude rats can be
generated according to a protocol modified from Engebraaten et al. (7). This
procedure can be adapted for other cell lines to be grown as xenografts in ro-
dent brain by varying the number of cells injected. Rats weighing 150-200 g
should be kept on an ad libitum standard pellet diet with unlimited access to
water and caged at constant temperature (21°C) and humidity in rooms with a
12 h light/12 h dark cycle.

1. Anesthetize rats by subcutaneous injection of Midazolam 0.2 g/100 g, Fen-
tanyl Citrate 0.0126 g/100 g, and Fluanizone 0.4 g/100 g into the intraperi-
toneal cavity and mounted in a stereotactic frame. An additional injection
of local anesthesia (1 mL of xylocaine [10 mg/mL] can be delivered sc to
the incision area).

2. Make a 2.5-cm mid-sagittal incision on the skull spread the surrounding tis-
sue, held open with bulldog clamps.

3. Position a surgical drill 1 mm posterior to the bregma suture and 3 mm to
the right of the midline suture and carefully drill a small burrhole approx 2
mm in diameter. Take care to avoid rupturing the underlying blood vessels.

4. Implant 10-20 tumor spheroids using a 25-puL. Hamilton syringe with a 22

G needle 2.5 mm deep into in the cerebral cortex (measured from the dura)

using slow, steady hand pressure.

Close the wound with thread suture (Ethylon, polyamide 6).

6. Place the animals in a 35°C incubator until they regain consciousness and
then return them to their cage. Observe daily.

7. To verify the presence of tumor, 2—4 wk after implantation, perform mag-
netic resonance imaging (MRI) using Siemens Magnetom Vision Plus 1.5T
scanner and a small loop finger coil. Establish the location of the tumor for
injection (see Note 3).

e

3.3.2. Intratumoral Injection of rAAV

We describe below intratumoral injection of rAAV in brain of nude or
athymic rats, which can be modified according to the animal size.

1. Typically, animals should be anesthesized and secured in the stereotaxic
frame and viral vector injected into the same coordinates after re-opening
the original incision under anesthesia.

2. Inject the virus using a micro-pump connected to a 10-uL. Hamilton syringe
with a 26 G needle. Inject 103—109 viral particles over a period of 1 h in a
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maximum volume of 8 uL (8). Infusion rates can vary between 33 nL/min
and 133 nL/min. It should be emphasized that intra-cranial injections by
slow-push hand pressure using a Hamilton syringe give variable and in-
consistent results in our experience.

3. As a positive control for infectious virus, inject small amounts of vector
(1-2 pL) into the tibialis anterior muscle, in the hind leg of a different an-
imal, through the skin using slow push hand pressure and a 10-puL. Hamil-
ton syringe. To aid in identification of the area, measurements can be made
from below the knee to the approximate site of injection. Skeletal muscle
is chosen because it is easily accessible and is permissive for most AAV
serotypes examined (Hoover, unpublished results).

4. Following wound closure, place the animal in a 35°C incubator until it re-
gains consciousness, then return it to its original cage.

5. If animals with tumor implants develop neurological symptoms resulting
from tumor burden and tumor phenotype, they should be sacrificed imme-
diately when symptoms such as weight loss, disorientation, lack of move-
ment, or loss of appetite are observed.

6. Following intratumoral delivery of the vector by the aforementioned pro-
cedures, the animals can be used for monitoring the effects of gene trans-
fer based on transgene expression analysis if a reporter gene is used, or
other end-point measurements such as reduction in tumor size or delayed
growth kinetics based on therapeutic efficacy of the transgene used.

3.4. Conclusion

The procedures described can be modified based on the application and
growth characteristics of different tumor types and location. Because AAV-
based vectors infect a variety of cells, it is possible to get “leakage” of the in-
tratumorally administered vector to other organs as well as through systemic
circulation from the tumor site. Thus, depending on the type of study, rAAV
may be constructed with tumor-specific expression if transgene expression is
deleterious in other organs. An additional concern is the variable infectivity of
rAAV among different tumor cells. Thus, prior to conducting intratumoral stud-
ies with AAV vectors, it is important to determine the ability of AAV to infect
the tumor of interest in vitro.

4. Notes

1. Care should be taken to avoid intra-dermal invasion of the needle. Slow re-
lease of the cells minimizes dispersion from the site of injection. Also, the
use of matrigel helps in the retention of tumor cells in one region. To de-
termine if implanted cells form tumors, MRI can be performed as described
in Subheading 3.3.1 and Note 3.
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2. Hold the tumor in one hand so that the needle does not slip and the virus is

injected into the tumor. Inject the virus slowly, avoiding any jerking mo-
tion.

. For MRI, anesthetize the rat and place it in a polystyrene immobilizing

tube. Obtain coronal T1 (TR 400 ms, TE 14 ms, slice thickness 2 mm, slice
center distance 2 mm, totaling 13 coronal slices covering the forebrain) and
coronal T2 (TR 4000 ms, TE 96 ms, slice thickness 2 mm, slice center dis-
tance 2 mm, totaling 19 coronal slices covering the forebrain) images prior
to and 10 min following sc injection of contrast agent (1 mL of 0.5 mM
Gadolinium).
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Gene Delivery to Human and Murine Primitive
Hematopoietic Stem and Progenitor Cells
by AAV2 Vectors

Arun Srivastava

1. Introduction

The adeno-associated virus 2 (AAV2) is known to possess a broad host-range
that transcends the species barrier (1). The broad host-range and nonpathogenic
nature of AAV, coupled with its site-specificity and stable integration of the
proviral genome, have led to the development of recombinant AAV vectors (2).
Recombinant AAV vectors have been shown to transduce certain cell types,
such as muscle and brain, exceedingly well (3-5). However, controversies exist
with regard to the efficacy of AAV vectors in transducing human hematopoietic
stem cells (6). Whereas some investigators have concluded that AAV vectors do
not transduce human hematopoietic cells at all (7), other reports have docu-
mented the need for enormously high multiplicities of infection (MOIs) by AAV
vectors for successful transduction (8-13). Several groups, including my own,
have reported successful transduction of these cells at relatively low MOIs
(14-17). Some of these controversies have been addressed in a recent review ar-
ticle (18).

Here, I summarize our studies in which we have investigated the ability of
AAV to infect primary human as well as murine hematopoietic stem and pro-
genitor cells capable of multi-lineage differentiation. We have documented that
CD34+ cells from approx 50% of genetically unrelated donors show unde-
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tectable levels of the transgene expression following infection with recombinant
AAV vectors. We also reported that even among the positive donors for AAV in-
fection, there is a wide variation in the transduction efficiency of CD34+ cells.
However, significant enhancement in expression of the transduced gene can be
achieved upon in vitro expansion of AAV-infected CD34+ cells from both pos-
itive and negative donors using recombinant hematopoietic growth factors. The
observed level of the transduced gene expression also correlates with the extent
of the recombinant AAV entry into these cells. These studies suggest that vari-
ability in transduction of human CD34+ hematopoietic cells results from vari-
ability in expression of the cellular receptor for AAV, the level of expression of
which varies widely in CD34+ cells from different donors (19). Similar results
have been reported with human umbilical cord blood-derived CD34+ cells (16).

In studies with mouse transplant model systems, we have also evaluated the
efficiency of AAV-mediated transduction of murine hematopoietic stem and
progenitor cells ex vivo, and the potential of expression of the transduced gene
in vivo following transplantation into recipient mice. We have shown that AAV-
mediated high-efficiency transduction of murine hematopoietic progenitor cells
and expression of a transduced reporter gene in progeny cells in vivo without
any observable cytotoxicity or deleterious effect is indeed possible (20,21). We
have also reported successful AAV-mediated stable transduction and high-effi-
ciency, multi-lineage reconstitution, stable proviral integration, long-term, lin-
eage-restricted transgene expression of a human [-globin gene in primary
murine hematopoietic stem cells in vivo (22). These results provide further sup-
port for the potential use of recombinant AAV vectors in stable transduction of
hematopoietic stem cells.

Here, I provide the details of the protocols we have used in our studies. Most
of them are previously published techniques with minor modifications.

2. Materials
2.1. Biochemicals, Cytokines, and Antibodies

1. Imagene green C,,FDG [-gal substrate (Molecular Probes Inc., Eu-
gene, OR).

2. Ficoll-Hypaque (Pharmacia, Piscataway, NJ).

3. Magnetic separation column, magnetic particles conjugated with anti-CD34
antibodies, and MACS buffer (0.5% bovine serum albumin [BSA] and 5
mM ethlylenediaminetetraacetic acid [EDTA] in 1X phosphate-buffered
saline [PBS]) (Miltenyi Biotech, Sunnyvale, CA).

4. Recombinant human cytokines: interleukin (IL)-1, IL-6, IL-7, stem cell
factor (SCF), granulocyte-colony stimulating factor (G-CSF), and erythro-
poietin (Epo) (Stem Cell Technologies, Vancouver, BC, Canada).
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5. Rat anti-mouse Gr-1 (granulocytes), B220 (B lymphocytes), TER-119 (ery-
throid cells), and CD4/CDS (T lymphocytes) monoclonal antibodies (MAbs)
and their FITC conjugates (Pharmingen, San Diego, CA).

6. Goat anti-rat IgG magnetic microbeads (Miltenyi Biotec, Auburn, CA).

DNeasy Tissue Isolation Kit (Qiagen, Valencia, CA).

8. Proteinase K buffer: 10 mM Tris-HCI, ph 50 mM KCl, 2.5 mM MgCl,,
0.5% Tween-20, and 100 pg/mL proteinase K.

~

2.2. Recombinant AAV Vector Stocks

1. Recombinant AAV vector containing either a reporter gene (e.g., bacterial
B-galactosidase [B-gal]) or a therapeutic gene (e.g., human B-globin) (see
Note 1).

2.3. Cells

1. Human bone marrow obtained from healthy volunteer donors after obtain-
ing informed consent, approved by the Institutional Review Board for stud-
ies involving human subjects.

2. Murine bone marrow cells obtained from each femur and tibia from C57BL6
donor mice

2.4. Mice

1. Transplant donor C57BL6 or B6 Hbbtth homozygous B-thalassemic mice
(8-10 wk old) and recipient C57BL6 or B6.c-kitW41/41 mice.

2.5. Equipment

1. Magnetic separation columns (Miltenyi Biotech).
2. Cs!137 irradiator (Nordion, Kanata, Ontario, Canada).

3. Methods
3.1. Isolation of Human Bone Marrow CD34+ Cells

1. Dilute human bone marrow samples immediately after the collection with
an equal volume of Iscove’s-modified Dulbecco’s medium (IMDM) con-
taining 20 U/mL heparin (see Note 2).

2. Isolate low-density bone marrow (LDBM) cells by Ficoll-Hypaque density
centrifugation. Add 15 mL of Ficoll-Hypaque solution in a sterile 50-mL
tube and gently layer 30 mL of diluted bone marrow cells on top.

3. Centrifuge at 400g for 30 min. Collect the band at the interface containing
the LDBM cells. Wash these cells with sterile PBS and resuspend in 100
pL of IMDM.
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4. Incubate 1 X 106 LDBM cells with 10 pg of anti-CD34 antibodies that are

5.

conjugated with magnetic particles in 100 uL on ice for 20 min in the dark.
Pass the labeled cells through a magnetic separation column. Allow the
CD34- cells to flow through the column then elute magnet-bound CD34+
cells using MACS buffer.

To check the purity, incubate 1 X 104 CD34+ cells with 1 pg of fluorescein
isothiocyanate (FITC)-labeled anti-CD34 antibodies in 10 pL on ice for 20
min in the dark, and analyze by fluorescence-activated cell sorting (FACS).
Between 90 and 95% of the cells should be labeled with FITC.

Maintain CD34+ cells in IMDM supplemented with 10% fetal calf serum
(FCS) at a cell density of 5 X 104 cells/100 pL. Transduce the cells with
AAV (see Subheading 3.3.) as soon as possible, ideally within 1 h.

3.2. Isolation of Murine Scal+, lin- Hematopoietic Cells

Murine stem cell antigen-1-expressing (Sca-17) and mature blood cell line-

age nonexpressing (lin—) cells have been shown to contain primitive hematopoi-
etic stem cells capable of engraftment and long-term reconstitution of the
hematopoietic system following transplantation in recipient mice. See Yoder et

al.

(23,24) for additional information on purification of Sca-1+, lin— cells using

flow cytometry.

1

. Sacrifice donor mice by CO, inhalation followed by cervical dislocation.

2. Using a pair of scissors, remove the large muscles and tendons from the

femur and tibia bones. Clean the bones of tiny fragments of muscles using
paper towels. Hold the bone with forceps and use a 23 G needle to pene-
trate both the top and bottom ends of the bone. Use a syringe containing 1
mL of IMDM to flush out the bone from the top and collect the bone mar-
row cells from the bottom into a sterile 15-mL conical tube.

Centrifuge the bone marrow cells at 400g for 10 min. Aspirate the super-
natant, then add 1 mL of IMDM and gently pipet to dissociate the cells into
a single cell suspension.

Isolate LDBM cells by centrifugation on Ficoll-Hypaque density gradients
as described in Subheading 3.1. above. Wash LDBM cells twice with
IMDM supplemented with 10% FCS + 100 U/mL penicillin + 10 pg/mL
streptomycin + 2 mM L-glutamine.

. Purify Scal+, lin— cells using a FACScan flow cytometer using phycoery-

thrin-labeled specific antibodies.

a. Incubate LDBM cells with 1 mg/mL each of rat anti-mouse Gr-1 (gran-
ulocytes), B220 (B lymphocytes), TER-119 (erythroid cells), and FITC-
conjugated CD4/CDS (T lymphocytes) MAbs on ice for 20 min.
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b. Pellet the cells at 300g for 8 min, wash with PBS, and resuspend in 1
mL of IMDM.

c. Add goat anti-rat I[gG magnetic microbeads and incubate the cells on ice
for 20 min. Isolate the lineage-depleted cell population using a magnetic
separation device as described by the manufacturer, and determine the
purity as described in Step 6, Subheading 3.1. Use these cells for trans-
duction with AAV as described in Subheading 3.4.

3.3. Transduction of the Human CD34+ Cells With Recombinant
AAV Vectors

Perform all experiments with the same recombinant vector stock to minimize
any variability.

1. Incubate 5 X 104 CD34+ cells with recombinant AAV vectors at an MOI
of 50-100 in a volume of 100 pL of serum-free IMDM for 2 h at 4°C (see
Note 3).

2. Following infection, maintain cells in liquid culture at 4°C supplemented
with the following recombinant human cytokines: 200 ng/mL of IL-1, 10
ng/mL of IL-6, and 100 ng/mL of SCF.

3. For differentiation into myeloid, erythroid, and lymphoid lineages, incubate
cells with 10 ng/mL of G-CSF, 5 U/mL of Epo, and 250 U/mL of IL-7 for 3
d.

4. Use immuno-fluorescence dual-labeling and flow cytometry to determine
differentiation of CD34+ cells into myeloid and lymphoid lineages using
FITC-labeled antibodies against the cell-surface markers as follows: CD15
and CD33 for myeloid differentiation, CD2/3 and CD4/8 for T-cell differ-
entiation, and CD19 for B cell differentiation.

3.4. Ex Vivo Transduction of Murine Scal+, lin— Cells With
Recombinant AAV Vectors and Transplantation into Recipient Mice

3.4.1. Short-Term Transduction

1. Incubate murine Sca-1+, lin— cells (isolated in Subheading 3.2.) with dif-
ferent MOIs (10-100) of recombinant AAV vector for 2 h at 37°C as de-
scribed in Subheading 3.3. Prepare mock-infected cells as controls.

2. Irradiate recipient mice with 7 Gy and 4 Gy doses 4 h apart using a Cs137
irradiator.

3. Following infection of the Sca-1+, lin— cells, resuspend the cells in IMDM
and inject 500 cells in a volume of 300 uL intravenously (iv) via the tail
vein into lethally-irradiated recipient mice.
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4. Twelve days posttransplantation, sacrifice the animals, obtain their spleens,
and enumerate colony formation.

5. Excise the colonies using a 23 G needle under a dissecting microscope and
examine individual spleen colonies for the presence of the transgene by
polymerase chain reaction (PCR) analysis as described in Subheading 3.5.

3.4.2. Long-Term Transduction

1. Infect the Sca-1+, lin— cells (isolated in Subheading 3.2.) with the recom-
binant AAV vector for 2 h at 37°C at an MOI of 50. Prepare mock-infected
cells as controls.

2. Sublethally irradiate the recipient mice with total body irradiation using ei-

ther 1 Gy or 3 Gy (83 ¢Gy/min) using a Cs137 irradiator.

Inject 1 X 104 of AAV-infected cells per animal via the tail-vein.

4. Once a month for 12 mo posttransplantation draw 100 pL of peripheral
blood from the tail-vein of recipient mice. Lyse the blood in 900 uL of Pro-
teinase K buffer at 55°C overnight.

5. Heat the lysates at 90°C for 10 min to inactivate Proteinase K, and use 5 pL
of each sample to perform a 30-cycle PCR amplification with the transgene-
specific primer-pair set under conditions described in Subheading 3.5.

e

3.5. Qualitative and Semi-Quantitative PCR Assays for the Presence
and Detection of the Transduced Sequences

1. Using a DNeasy Tissue Isolation kit, follow the manufacturer’s instructions
and prepare DNA samples from spleen colonies isolated in Subheading
3.4.1. or from LDBM cells from bone marrow isolated in Subheading 3.2.

2. Analyze 100 ng of each DNA sample by PCR amplification for the trans-
duced gene (see Note 4). Empirically determine that the PCR amplification
reaction conditions are in a linear range by assaying the PCR samples after
15, 20, 25, 30, and 35 cycles. For controls, also amplify samples from DNA
isolated from cells obtained from mice that did not receive transduced cells
and from cells obtained from mock-infected mice. Use 10% of the DNA
products from the human B-globin gene and 15-fold dilutions of samples
from the mouse B-actin gene amplification reactions for electrophoresis on
a 4% polyacrylamide gel at 100 V for 2 h. Also use standard DNA size
markers ranging between 100-500 bp. Stain the gel with ethidium bromide
and scan using a densitometer. Plot the band intensity against the number
of PCR cycles.

3. Transfer the DNA products from the amplification reactions to nitrocellu-
lose membranes by Southern blotting. Use specific DNA probes (human
-globin and mouse B-actin) to detect the amplified DNA products by au-
toradiography using standard protocols.
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4. Determine the relative intensities of the corresponding bands by scanning

5.

the autoradiograms using the Photoshop 7.0 program.

For semi-quantitative PCR assays, optimize the amplification conditions to
be in a linear range by using 15, 20, 25, 30, and 35 cycles as described in
step 2, and perform the reactions in the presence of 2 puCi of [y32P] dCTP
(sp. act., 800 Ci/mmol) in each reaction mix.

Analyze the DNA products from the amplification reactions on 4% poly-
acrylamide gels followed by autoradiography as described in step 2.

. Determine the relative intensities of the corresponding bands of human (-

globin and mouse B-actin DNA by scanning the autoradiograms and ana-
lyzing the band intensities with the Photoshop 7.0 program (see Note 5).

4. Notes

1.

The details of construction of a recombinant AAV plasmid containing the
bacterial -galactosidase (lacZ) gene under the control of the CMV imme-
diate-early promoter and subsequent packaging into recombinant virions
have been described (19,20). Similarly, the details of construction of a re-
combinant AAV plasmid containing the human globin genes and subse-
quent packaging into recombinant virions have been also described (21,22).
Package and purify all recombinant AAV vector preparations by standard
methods (25).

It is essential to remove any residual heparin from bone marrow cells be-
cause heparin inhibits AAV binding to its receptor. Similarly, serum con-
tains fibroblast growth factor (FGF), which also inhibits AAV binding and
entry because AAV uses the FGF receptor as a co-receptor.

. All experiments should be performed with the same recombinant vector

stock to minimize any variability. Infection can also be carried out at 37°C,
but in order to maintain cell viability, it is preferable to do it at 4°C. It is
also important to note that the level of transduction of CD34+ cells by re-
combinant AAV vectors treated with Micrococcal nuclease is significantly
reduced owing to a marked effect of this nuclease on viability of these cells
(19). Thus, it is advisable to use DNase I rather than Micrococcal nuclease
during recombinant AAV vector production. It should also be borne in mind
that CD34+ cells from approx 50% of normal volunteer donors cannot be
infected by AAV because of lack of expression of the AAV receptor (19).

. Design all primer-pairs such that the GC content, amplimer length, and

primer affinity (T ) are not significantly different. For example, for carrying
out PCR reactions with an oligonucleotide primer-pair specific for the
human B-globin gene, use the forward primer, 5'-TGTCACAGTGCAGCT
CACTCAGT-3', specific for exon 1 coding sequence, and the reverse primer,
5'-TCCTGAGGAGAAGTCTGCCGTT-3’, specific for exon 2 coding se-
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quence of human B-globin gene. A specific 402 bp amplified DNA product
should be detected following hybridization with the human -globin DNA
probe on Southern blots. To detect the endogenous mouse B-actin gene use
the following primer-pair: 5'-TCCTCTTCCTCCCTGGAGAA-3’ and 5'-
GCTGATCCACATCTGCTGGA-3', which should yield a 354 bp amplifica-
tion product.

PCR analysis should indicate the presence of the transduced human B-glo-
bin gene sequences in bone marrow cells from the recipient mice. No
human B-globin gene sequences should be detected in samples obtained
from nontransplanted animals and those transplanted with mock-infected
cells. Semi-quantitative PCR assays provide a measure of the transduced
human B-globin gene copy number compared with the endogenous mouse
B-actin gene.
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Delivery Using Herpes Simplex Virus

An Overview

William F. Goins, Darren Wolfe, David M. Krisky, Qing Bai,
Ed A. Burton, David J. Fink, and Joseph C. Glorioso

1. Introduction

The human herpesviruses represent excellent candidate viruses for several
types of gene vector applications. As a class, they are large DNA viruses with
the potential to accommodate large or multiple transgene cassettes, and they
have evolved to persist in a lifelong nonintegrated latent state without causing
disease in the immune-competent host. Among the herpesviruses, herpes sim-
plex virus type 1 (HSV-1) is an attractive vehicle because in natural infection,
the virus establishes latency in neurons, a state in which viral genomes may per-
sist for the life of the host as intranuclear episomal elements. The natural life-
long persistence of latent genomes in trigeminal ganglia (TG) without the de-
velopment of sensory loss or histologic damage to the ganglion attests to the
effectiveness of these natural latency mechanisms. Although the wild-type virus
may be reactivated from latency under the influence of a variety of stresses,
completely replication defective viruses can be constructed that retain the abil-
ity to establish persistent quiescent genomes in neurons, but that are unable to
subsequently reactivate in the nervous system. These persistent genomes are de-
void of lytic gene expression, but retain the ability to express latency-associated
transcripts (LATs). We have made considerable progress in the construction of
highly defective HSV genomic vectors that are apparently apathogenic for the
nervous system, but are efficiently taken up by neurons to establish persistence
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(1). We have identified a promoter element within the latency region of the
genome that is capable of expressing transgenes for prolonged periods in the pe-
ripheral nervous system (PNS) following delivery in the context of the highly
defective viral vector background (2-4).

Our recent studies have determined that HSV can be more broadly used for
gene-transfer applications, because replication defective viruses can be con-
structed for gene delivery without vector toxicity (1,5-8) and HSV can persist
in a variety of cells and express transgenes long-term (4). HSV-1 has a broad
host range and does not require cell division for infection and gene expression.
Accordingly, HSV may be generally useful for gene transfer to a variety of nor-
mal and disease tissues. However, there are instances where restricted or specif-
ically enhanced vector gene delivery will be very important, such as where sys-
temic or local vector inoculation will require targeting to specific tissues or cells
(i.e., motor neurons), where the application dictates that the transgene is cyto-
toxic (i.e. cancer treatment), or in instances where improved infection of certain
cells (i.e., stem cells, endothelial cells, cardiac muscle, or certain classes of neu-
rons) would be highly advantageous. In this chapter, we will highlight the re-
cent developments in the engineering of replication defective HSV genomic
vectors with respect to improvements in reducing vector toxicity, regulating
transgene expression, and targeting of the vector to specific cells and tissues.

2. The Biology of HSV Infection
2.1. Virus Structure and Membrane Proteins

The virus particle (Fig. 1A) is a unique structure composed of at least 34 pro-
teins (9,10) many of which are post-translationally modified by cellular and
viral enzymes. The virus icosahedral-shaped nucleocapsid (11) is packaged
with a single linear copy of the double-stranded genome containing approx 85
open reading frames (12-15). The 152 Kb viral genome (Fig. 1B) is segmented

Fig. 1. HSV-1 particle structure and genome organization. (A) Electron micrograph
of a typical HSV-1 virus particle displaying the envelope containing virus-specific gly-
coproteins surrounding the dense tegument layer that encompasses the viral icosahe-
dral-shaped nucleocapsid containing the double-stranded viral genome. (B) Schematic
representation of the HSV genome, showing the unique long (U, ) and unique short (Uy)
segments, each bounded by inverted repeat elements. The location of the essential
genes, which are required for viral replication in vitro, and the nonessential or acces-
sory genes, which contribute to virus replication and spread in vivo, are indicated. De-
picted underneath the genome are the 11 HSV-1 glycoprotein genes, the HSV-1 genes
encoding the tegument and capsid proteins, the IE transcriptional regulatory genes, as
well as the genes, involved in replication of the viral genome.
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Fig. 2. Schematic representation of the HSV-1 lytic life cycle. (A) HSV-1 binds to
and enters mucosal or epithelial cells through the binding of HSV-1 glycoproteins to
specific cell-surface receptors followed by fusion of the viral envelope with the cell-sur-
face membrane. (B) Following uncoating, the viral capsid is transported to the nucleus
where the linear viral genome is injected through a nuclear pore. (C) Temporal cascade
of HSV-1 gene expression ensues with the subsequent replication of the viral genome.
The immediate early genes (IE or a) are the first genes expressed and do so in the ab-
sence of de novo protein synthesis. The early (E or ) genes are expressed only when
functional IE genes are present, and mainly encode viral proteins involved in replica-
tion of the HSV-1 genome. After viral DNA replication has occurred, the late genes (L
or y) that encode the structural gene products composing the viral capsid, tegument, and
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with each of its long (U)) and short (U,) unique segments flanked by inverted
repeats (IRs). The viral functions have been categorized as to whether they are
essential for virus replication in cell culture or are accessory (nonessential)
functions that contribute to virus replication and spread in vivo. The viral genes
are arranged in a manner such that many of the essential functions or accessory
genes tend to be clustered within the genome (Fig. 1B). Additionally, because
very few HSV-1 genes are spliced and the virus possesses a highly evolved re-
combination system, it is relatively easy to manipulate and engineer the virus
for purposes of gene transfer deleting individual genes or blocks of genes that
may play a role in vector toxicity.

The capsid is surrounded by a complex matrix of proteins (Fig. 1A) referred
to as the tegument that is composed of viral structural components involved in
shut-off of host protein synthesis (16-20), and activation of immediate early
viral gene expression and assembly functions (21-26). The tegument is encased
in an envelope containing at least 10 glycoproteins (gB-gE, gG-gJ, gL, and gM)
(10,27,28). Of the 10 incorporated glycoproteins, gB, gD, gH and gL are es-
sential for viral infection (29-32), whereas gC, gE, gG, gI, gJ, and gM are dis-
pensable for infection in vitro (10,27,28). Most HSV glycoproteins appear to be
functionally independent but closely associate with one another in the particle
(i.e., gD and gB) (33,34), which may be important for their function in infection
and entry. Some form functional homo-oligomers (i.e., gB) (35-41) whereas
others form functional hetero-oligomers (gH/gL, gl/gE) (31,42).

2.2. Budding and Envelopment

The assembly of HSV particles occurs in the nucleus where nucleocapsids at-
tach to modified patches of the inner lamella of the nuclear membrane (Fig. 2).
Budding of DNA-containing capsids occurs at these sites, where enveloped par-
ticles are formed. The glycoprotein polypeptides are modified in the endoplas-
mic reticulum (ER) and require further processing by Golgi enzymes to carry out
core trimming and the addition of complex-type glycans, a requirement for virus
release (43-46). How these glycoproteins are processed for incorporation into
mature enveloped particles remains unclear, but may involve de-envelopment

glycoproteins, are expressed. The ICP4 IE gene transactivates the E and L genes, as well
as repressing IE expression, while ICPO, ICP22, and ICP27 turn on E and L genes, re-
spectively. (D) Particle assembly occurs within the host cell nucleus. (E) Immature
virion particles bud from the nuclear membrane and viral glycoprotein processing oc-
curs within the Golgi. (F) Mature particles exit the cell at the cell surface membrane.
The production of progeny virus particles ultimately results in the lysis of the host cell.
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and re-envelopment through cytoplasmic membranes (47-49). None of the HSV
envelope glycoproteins have been shown to be required for virion assembly
(10,27,28,50), and the mechanism for selective incorporation of HSV-1 glyco-
proteins into mature virions is not well understood. Examination of the incorpo-
ration of HSV-1 glycoproteins has shown that shortening of the 109 amino acid
gB C-terminus to three or six residues reduced incorporation compared to mole-
cules truncated at residues 22 or 43 (51); however, a recombinant truncated at
residue 41 of the gB C-terminus was properly processed, transported to the
plasma membrane, and incorporated into mature virus (52). The C-termini of
both HSV-1 gC (53) and the gC homologue of pseudorabies virus (PRV) (54,55)
were not required for incorporation of these molecules into mature virions. The
transmembrane domain (TMD) was, however, necessary for membrane anchor-
age and cell-surface expression. Recent studies of HSV-1 (56) and bovine her-
pesvirus type 1 (BHV-1) (57) gB have demonstrated that the TMD of this mole-
cule is also required for both membrane anchorage and nuclear envelope
localization as well as for transport to the Golgi apparatus and plasma mem-
brane. In our experience, envelope glycoproteins from other viruses can be read-
ily incorporated into the HSV envelope (58) provided they are expressed from
the HSV genome during infection and undergo similar processing events and
with kinetics similar to that of bone fide HSV glycoproteins.

2.3. Viral Infection

The envelope glycoproteins mediate interaction of the virion with the host
cell during infection (Fig. 3). Two different facets of this process can be identi-
fied: attachment to the cell surface and fusion of the viral and cell membranes
resulting in viral entry. In cell culture and in animals, the virus is also capable
of infecting neighboring cells by moving transcellularly across cell membranes.
This process, referred to as cell-to-cell or lateral spread, can be distinguished
from infection by exocytosed particles through its ability to occur in the pres-
ence of virus neutralizing antibodies as well as by deletion of certain accessory
envelope glycoproteins (i.e., gl/gE), which prevents lateral spread but not ini-
tial infection (59,60).

2.3.1. Attachment to Heparan Sulfate

Virus attachment is mediated by numerous glycoproteins (27,28,61). Binding
to cell surface glucosaminoglycans (GAGs), primarily heparan sulfate (HS)
(62-67) but also dermatan and chondroitan sulfate (68,69), is mediated by ex-
posed domains of glycoproteins C (70) and B (71,72) containing positive charged
amino acids (Fig. 3A). Together this binding represents about 85% of the binding
activity to Vero cells with gC contributing the majority of this binding activity
(64,73). Deletion of gC (a nonessential gene) and the HS binding domain of gB
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Fig. 3. Mode of HSV-1 entry into susceptible cells. HSV-1 encodes at least 11 gly-
coproteins, although only 4 are essential for virus entry. Virus entry into susceptible
cells involves: (A) binding of positive charged amino acid domains of HSV gC and gB
to heparan sulfate (HS) moieties present on the cell surface; (B) diffusion of the virus
on the cell surface until contact with the Hve A/HveC receptor; (C) binding of gD to its
receptor; and (D) fusion of the virus envelope and the cell membrane through the ac-
tion of gB, gD, and the gH/gL complex, that is followed by (E) the release of the nu-
cleocapsid into the cytoplasm of the cell.

(an essential gene) in a single mutant virus (73) impairs binding (i.e., slower ki-
netics) to an extent similar to the reduced binding to HS deficient cells by wild-
type virus (63), but does not completely eliminate virus adsorption, indicating
that other receptors must be involved. Removal of the HS binding domain of gB
does not interfere with the ability of gB to participate in virus penetration (73).
However, elimination of both HS binding functions severely affects the ability of
the virus to form plaques in the presence of neutralizing antibody where the virus
is forced to spread to neighboring cells across cell junctions rather than infect
neighboring cells with newly exocytosed infectious particles. This phenotype is
specific to the HS binding function of gB because deletion of gC alone often re-
sults in larger than wild-type plaques (74,75). These data suggest a cooperativity
between gC and gB HS binding that is important to both virus attachment and
penetration, thereby linking these two processes through the HS receptor interac-
tion. Chemical cross-linking studies of free and bound virus suggest that the rela-
tionships between gB, gC, gD, and gH/gL favor the association of the four essen-
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tial glycoproteins in virus entry (gB, gD, gH/gL) to the exclusion of gC (76).
These results are consistent with other evidence that gB is required for cell-to-cell
spread of virus (29,74,77-79). HSV mutants selected for escape from soluble HS
interference of infection are attributable to mutations in gK and these mutants
often acquire a syncytial (syn-) phenotype (80).

2.3.2. Attachment to Herpesvirus Specific Receptors

Initial virus binding to cell surface HS is followed by gD-mediated binding to
a second receptor (Fig. 3C). Recent work by several labs has identified gD cog-
nate receptors utilized for both virus attachment and penetration. The first her-
pesvirus entry mediator (HVEM or HveA) was identified by screening a cDNA
expression library in HSV-resistant Chinese hamster ovary (CHO) cells for
clones that enabled virus infection. HveA was subsequently determined to be a
member of the tumor necrosis factor-a (TNF-0)/NGF receptor family (81). Do-
mains of gD that potentially contribute to HveA binding have been identified in
virus infection inhibition studies using monoclonal antibodies that require
residues 11-19 and 222-252 for binding to gD (82). Consistent with these data,
incubation of soluble gD with the host cell prior to infection can block infection
by wild-type virus; however, mutants having single amino acid substitutions in
the external domain of gD at residues 25 or 27 can circumvent this blocking ac-
tivity of gD (83). Mutation of residues 1-50 or 222-224 prevent binding of gD to
the HveA and a second receptor, HveC/nectin-1, in biochemical and transient
transfection assays. Other HSV-1 strains (i.e., ANG and KOS rid-1 and rid-2) al-
tered in these N-terminal residues do not infect CHO cells transduced with the
HveA receptor recognized by strain KOS (84,85), but still infect Vero and HeLa
cells, indicating the existence of additional receptors. HveA has been detected on
a relatively small number of cell types, including activated T-cells (81). Recent
work from our laboratory has identified HveA on mouse embryonic stem cells
and CD34+* bone marrow and placental-derived cells from both human and
mouse origin (86). Together, these studies suggest that HveA is recognized by a
folded part of gD that can be affected by mutations spanning a substantial portion
of the molecule. A detailed analysis of mutants localized to the N-terminus of gD
has pinpointed the binding site for HveA and HveC/nectin-1 (Bai and Glorioso,
unpublished) and is in agreement with recent crystal structure data showing that
HveA bound to the N-terminus of gD results in a conformational change that may
be responsible for inducing virus envelope fusion with the cell surface (87).

Using transfection techniques, a number of other entry mediators have been
identified, including HveB (poliovirus receptor-related protein 2 or nectin-2 (Prr-
2)) (88), 3-O-sulfated HS (89), and HveC (Prr-1, or nectin-1) (90). HveC/nectin-
1 is a member of the immunoglobulin superfamily of genes and has no structural
relation to HveA based on binding studies (90,91) using soluble forms of
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HveC/nectin-1. All alpha herpesvirus gD molecules recognize HveC/nectin-1,
including HSV-1, HSV-2, PRV, and BHV-1. Two potentially related but separate
HveC/nectin-1 binding sites appear to co-exist within gD. Residues 216-234
have been implicated in the HveC:gD interaction, in as much as monoclonal an-
tibodies (MAbs) specific for an epitope in this region interfere with gD recogni-
tion of HveC/nectin-1 but not HveA (91). Recent work from our laboratory (Bai
and Glorioso, unpublished) has discovered the first mutants of gD that inactivate
binding to HveC/nectin-1 without also preventing recognition of HveA; the re-
verse is also true, i.e., mutants that attach to cells and enter via HveC/nectin-1 but
fail to recognize HveA are available.

2.3.3. Penetration and Lateral Spread

The consequence of the sequential attachment steps in infection is fusion of the
virus envelope with the cell-surface membrane and subsequent virus entry (Fig.
3D). The events in penetration are not well-understood because multiple glyco-
proteins are required. A role for gD in virus penetration is supported by evidence
that attached virus can be neutralized by anti-gD antibody and virus mutants
deleted for gD attach to cells but do not penetrate (92,93). However, the specific
binding afforded by gD could trigger penetration without direct involvement of
this glycoprotein in the fusion process. Mutants deleted for gH/gL or gB are also
blocked in virus penetration but are not defective in attachment. Both gB and gD
have been shown to be capable of inducing syncytia if expressed on the cell sur-
face atlow pH, supporting a possible role for both molecules in fusion (94). Virus
entry may involve a cascade of events in which gD initiates the fusion event (62),
in which a fusion bridge is most likely formed by the action of gB followed by ex-
tension of the bridge and virus release requiring the activities of gH/gL..

2.4 The HSV-1 Life Cycle
2.4.1. Lytic Infection

Once within the nucleus (Fig. 2), the lytic replication cycle of the virus takes
place (50,95,96) with the viral genes expressed in a highly regulated cascade
(97,98) of coordinated gene expression consisting of three stages: immediate
early (IE or a), early (E or B) and late (L or y). Three of the viral IE genes are
transcriptional activators which induce expression of E and L genes (99-106).
Early gene functions participate in viral DNA replication that must proceed in
order for late gene expression to occur (107,108). The late genes encode largely
structural products comprising the nucleocapsid, tegument, and viral envelope
glycoproteins. Viral particles are assembled within the nucleus, bud from the
nuclear membrane and particle maturation proceeds during migration through
the Golgi followed by egress from the cell.
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2.4.2. Latency

Following focal replication of the virus in these permissive cell types, the
virus invades the nervous system by directly infecting axon terminals of local
sensory neurons of the PNS (109,110). The viral nucleocapsids are transported
in a retrograde manner back to the neuronal cell body where the virus can ei-
ther replicate or enter latency (Fig. 4A). During latency the linear viral genomes
circularizes, becomes methylated and forms a higher-order nucleosomal struc-
ture (111-114). At this point the lytic genes become inactive and the viral LATS
are readily detected by in situ hybridization using LAT-specific riboprobes
(115-118). The virus can remain within the latent state for the life-time of the
individual or it can be induced to reactivate from latency by a variety of stim-
uli. Reactivation results in the resumption of the lytic cycle and the subsequent
synthesis of progeny virions that may traverse the axon by anterograde trans-
port, establishing an active infection at or near the site of primary infection.

During latency, only a segment of the inverted repeat sequences in U , just
downstream of and from the strand opposite of the IE ICPO gene (see Fig. 1B),
remains transcriptionally active producing a family of LATs (115-118). The
major LAT species (2.0 and 1.5 Kb) are neither capped nor polyadenylated, and
have been shown to be stable introns (Fig. 4B) that result from splicing of a
large 8.7 Kb primary transcript (119-123). The expression of LATSs from these

Fig.4. HSV-1 latency. (A) HSV-1 latent infection of PNS neurons. During lytic infec-
tion the virus enters and replicates within mucosal or epithelial cells and the resulting
progeny virus particles encounter peripheral nerve termini, which innervate the site of
primary infection. Following fusion of the virus envelope with the nerve cell-surface
membrane, the viral nucleocapsid travels via retrograde axonal transport to the neuronal
cell body. At this point the virus can either proceed through the highly regulated cascade
of lytic gene synthesis, or the virus can enter latency, during which the viral genome be-
comes methylated and is bound by cellular histones. The latency-associated transcripts
(LATs) are the sole viral RNAs expressed from the viral genome during latent infection.
(B) The LATS are transcribed from the inverted repeat regions flanking the large unique
segment of the HSV-1 genome. The transcription products from the LAT region include
an 8.7 Kb polyadenylated RNA that is present during lytic infection. The main LAT
species of 2.0 and 1.5 Kb represent stable introns that are derived from the 8.7 Kb mLAT.
The stable 2 Kb LAT, which is detected in both lytic and latent infection, and the 1.5 Kb
LAT species that is spliced from the 2 Kb LAT, which is only detected during latency, are
depicted along with the location of the LAT promoters LAP1 and LAP2. (C) An enlarge-
ment of the latency active promoter (LAP) regions LAP1 and LAP2 shows the position of
potentially relevant cis-acting elements in LAP1 such as the CRE, USF, and TATA box as
well as the polyT stretch and C/T element in LAP2.
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otherwise quiescent genomes demonstrates that with the proper promoter ele-
ments, long-term expression of RNA transcripts can be achieved. The LAT
promoter/regulatory region has been shown to be composed of two latency-ac-
tive promoters (Fig. 4B), LAP1 (124-127) and LAP2 (125,128,129).

2.4.2.1. LAP1

LAPI, which is predominantly responsible for LAT expression during la-
tency (125,130), is located immediately upstream of the 5’ end of the unstable
8.7 Kb LAT (Fig. 4C). It contains binding sites for many RNA polymerase class
IT transcription factors such as a consensus TATA box (131,132), a CAAT box
(133), an USF-1 site (132,134,135), and two ATF/CREB elements (132,136).
Many of these basal promoter elements, including the TATA box, ATF/CREB
and USF-1 sites, are required for LAT expression during latency (131,132,134,
137). Deletion of upstream distal elements that include potential binding sites
for neuronal specific transcription factors (133) dramatically decreases LAT
levels during latency in vivo (138).

2.4.2.2. LAP2

LAP2, located 5'-proximal to the LAT introns (Fig. 4C), is the predominant
promoter responsible for LAT expression during lytic infection (125,129). How-
ever it is also capable of expressing LAT at low levels in the absence of LAP1 in
latently infected animals, indicating that LAP2 has independent promoter ac-
tivity (125). Although LAP2 lacks a TATA box, it contains both a C/T-rich se-
quence and a polyT element (128,139) frequently observed in promoters for
cellular housekeeping genes (140-142). We have shown that these elements con-
tribute significantly to LAP2 activity in cell culture and bind transacting factors
(128,139) such as NSEP-1 (143,144) and HMG I(Y) (145) respectively. We have
mapped an S1 nuclease-sensitive site to this region of LAP2, which perhaps al-
ters the local chromatin conformation to allow long-term expression from LATs
in the absence of lytic gene expression. This LAP2 element is moveable and ac-
tive in expressing transgenes for prolonged periods from both replication-com-
petent and defective vectors (2,128). LAP1 does not possess this capability in the
absence of LAP2 (146-149).

3. Design and Engineering of HSV-1 Replication-Defective Vectors

The optimal HSV vector should be: (1) safe and completely devoid of repli-
cation competent virus; (2) noncytotoxic; (3) incapable of affecting normal host
cell biology; (4) able to persist in the cell nucleus cell body in a non-integrated
state; and (5) capable of expressing the therapeutic gene(s) to appropriate lev-
els at the proper time(s). The three major considerations in the design of HSV-
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1 vectors concern (1) the elimination of the cytotoxic properties of the virus, (2)
the ability to target binding and entry of the virus to the specific cells or tissues
of interest, and (3) the development of promoter systems for proper expression
of the therapeutic gene. Considerable progress has been made in developing
HSV vectors that potentially overcome these obstacles for their potential use in
human applications. In this work we will concentrate upon the engineering of
HSV-1 vectors deleted for essential gene functions that display reduced toxic-
ity following infection. As discussed in some detail below, these include: (1)
elimination of vector toxicity, including direct cytopathic effects; (2) full ex-
ploitation of the potential transgene capacity of the vector including rapid meth-
ods for the construction of multi-gene vectors; (3) maintenance of the viral vec-
tor genome; (4) maintenance of transgene expression; and (5) targeting HSV
infection to specific cells and tissues.

3.1. Vector Capacity

Although gene therapy was initially envisioned for the treatment of mono-
genic diseases, the same methods can be utilized for the delivery of multiple
genes for treatment of multifactorial or nongenetic pathologic processes. The
large size of the HSV genome makes it ideal for applications requiring the de-
livery of more than one gene product simultaneously. Using a rapid gene inser-
tion procedure, we have developed novel HSV-1 gene vectors with a back-
ground suitable for expression of multiple transgenes (150,151). Together, nine
viral genes were deleted, resulting in the removal of 11.6 Kb of viral DNA that
was replaced with multiple transgenes under the control of different promoters.
We demonstrated that new transgenes could be sequentially added to the multi-
gene vector background with high efficiency using a method involving the in-
sertion and removal of genes flanked by unique Pacl restriction enzyme sites
engineered into the viral genome. In addition, we have constructed a replica-
tion-defective vector that incorporates and expresses the 14 Kb dystrophin full-
length cDNA (152). Together, these vectors demonstrate the potential for using
HSV-1 vectors for the expression of highly complex sets of transgenes simulta-
neously, which may be directly applicable to gene-therapy approaches such as
wound healing, the destruction of specific tumors, or the expression of large
single gene cassettes like those needed to treat Duchenne muscular dystrophy
or hemophilia.

3.2. Maintenance of the HSV-1 Vector Genome

In most cell types tested in vitro and in vivo, viral lytic gene promoters and
strong promoters like the HCMV IE promoter display transient activity in the
background of HSV genomic vectors. Loss of expression from these vectors
does not appear to be the result of clearance of the vector genome from the nerv-
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ous system, because that vector genomes persists in brain for at least 1 yr after
inoculation. Moreover, the number of vector genomes remains unchanged at
least from 1-8 wk postinoculation (153). Therefore, the loss of expression could
be attributed to the sequestering of viral genomes or by the inability of those
promoters to remain active in the context of the latent viral genome. Because
LATs are continuously expressed from latent genomes in neurons, promoters
such as the HCMV IE promoter must lack the cis-elements required for long-
term expression from latent viral genomes.

3.3. HSV-1 Vector-Associated Cytotoxicity

Because UV-irradiated virus displays substantially reduced cytotoxicity in
vitro (154,155) and disruption of viral IE gene expression by interferon also re-
duces toxicity (156—160), it is presumed that the cytotoxicity of HSV-based vec-
tors results from the expression of HSV-1 gene products. The fundamental ap-
proach to designing HSV-1 vectors with reduced toxicity is to remove the
essential IE genes of the virus, as well as several nonessential genes, whose
products interfere with host-cell metabolism and are part of the virion (tegu-
ment) structure (Fig. 5A). Deletion of the two essential IE genes which encode
the infected cell proteins 4 (ICP4) and 27 (ICP27) blocks early and late gene ex-
pression (99,161,162). These deletions require that the missing functions be sup-
plied in trans using a complementing cell line (99,161,163) to propagate virus.
To insure that recombination does not occur between the defective virus and the
viral sequences present within the complementing cell line during propagation,
it is essential that these sequences do not share homology with sequences pres-
ent within the viral genome, and that the deletion of the IE genes from the virus
exceed the limits of the complementing sequences. Because many of these viral
IE genes are toxic to cells, expression of the complementing genes must be in-
ducible upon infection with the defective virus. This is achieved through the use
of HSV-1 IE promoters to drive expression of these toxic transactivating genes
from the cell, because these promoters have been shown to respond to the HSV-
1 transactivator VP16 (Vmw65 or o-TIF) (22-26), a virion tegument compo-
nent that accompanies the viral DNA molecule into the nucleus of the infected
cell. VP16 recognizes an octamer (TAATGARAT) consensus sequence located
at various sites in all HSV-1 IE promoters, and together with the cellular tran-
scription factors Oct-1 and HCF (164-168), transactivates the IE gene promoters
(169-173). In the absence of virus infection, the complementing IE genes in the
cell chromosome are silent. However, upon infection with the replication defec-
tive mutant, the VP16/Oct-1/HCF complex transactivates the IE promoters up-
stream of the complementing viral sequences in the cell line, thereby inducing
expression of the necessary products for propagation of the deletion virus.



Fig. 5. Construction replication-defective HSV vectors. (A) The second generation
ICP4-/ICP27- double IE gene-deletion mutant (DHZ.4) was constructed by a genetic
cross of the ICP4 single IE gene-deletion first-generation vectors SHZ.1 (211,286) with
the single ICP27 deletion mutant 5d11.2 (190). Progeny viruses, which were lacZ pos-
itive and replicated on 7b (ICP4/ICP27) cells but not ES (ICP4) or N23 (ICP27) cells,
were selected and confirmed by Southern blot analysis. (B) List of replication-defective
HSV-1 vectors containing deletions in HSV-1 genes involved in cytotoxicity. Depicted
are general schematics of first-generation single IE gene-deletion vectors, second-gen-
eration double IE gene-deletion vectors, and third-generation triple IE gene-deletion
vectors showing the location of the various HSV-1 genes involved in cytotoxicity as well
as the site of introduction of a reporter gene cassette. Some recombinants contain the
ICP4 IE gene promoter driving expression of thymidine kinase (tk) in place of the nor-
mal tk early gene promoter
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A third IE gene of interest, ICPO, is both cytotoxic and capable of promiscu-
ous transactivation of a variety of cellular genes (174-176), and can also enhance
the level of expression of other viral genes (174). ICPO appears to cooperatively
collaborate with ICP4, for example, to increase the activity of this key viral func-
tion (34,177). However, ICPO is not a promoter binding protein and thus appears
to stimulate an event prior to direct promoter activation (178-182). Although
ICPO is a nonessential viral protein, deletion of ICPO results in decreased viral
titers (104,183). Therefore, propagation of high titer stocks of virus deleted for
ICPO in conjunction with the essential IE genes will require the production of a
cell line capable of complementing ICPO as well as ICP4 and ICP27. Generation
of such a line has been extremely difficult, because even low-level synthesis of
ICPO is toxic to the host cell (7). The two remaining IE genes, ICP22, which af-
fects the phosphorylation of RNA polymerase II (184,185) and ICP47, which af-
fects the processing of MHC class I antigens (186—188), may also need to be
deleted depending on the specific therapeutic application.

In addition to the viral IE gene functions, an additional gene remains a tar-
get of interest for removal to reduce toxicity. The infecting virus carries in with
the particle a tegument component, which has a virion-associated host shut-off
(vhs) activity (16,18). Vhs appears to interfere nondiscriminately with mRNA
stability (19). Removal of the UL41 (vhs) gene does not affect viral replication
(20) but enhances the health of the cell upon infection with nonreplicating viral
mutants (189).

The deletion of a combination of the four IE regulatory genes (ICP4, ICP22,
ICP27, and ICPO) along with UL41 (vhs) have yielded vectors (Fig. 5B) that
display diminished toxicity for a variety of cell types in culture (1,5,6,8). Sec-
ond-generation recombinants deleted for both ICP4 and ICP27 (1,5,6,8) were
less toxic than the ICP4/ICP27 first-generation single IE gene-deleted viruses
d120 (161) or 5d11.2 (190). The removal of three of the IE gene (ICP4, ICP22,
and ICP27) in the third-generation replication-defective vectors dramatically
reduced cytotoxicity (1,6) and led to increased duration of vector-mediated
transgene expression in neurons in culture (1). Recombinants that failed to ex-
press any of the five IE genes, including ICPO, essentially shut down viral gene
expression upon infection of noncomplementing cells, rendering the virus safe
and noncytotoxic (6). However, transgene expression from these recombinants
was transient or undetectable in many cell types (6), owing to the deletion of
the ICPO gene (6,7). Thus, it may prove necessary to retain ICPO to achieve suf-
ficient expression of the therapeutic gene product. For some specific therapeu-
tic applications, the retention of expression of ICP47, which has recently been
shown to downregulate MHC class I antigen expression (186—188), should pro-
vide an additional level of protection from immune surveillance at the initiation
of infection in vivo.
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3.4. Expression of Foreign Transgenes from Genomic HSV Vectors

A variety of recombinant HSV genomic vectors have been employed for ex-
pression of reporter and therapeutic genes both in cells of the nervous system
and other tissues. In most cases, lacZ reporter gene expression detected by X-
gal staining and immunocytochemistry is generally restricted to the first few
days after inoculation, whether reporter gene expression is driven by HSV lytic
cycle gene promoters such as ICPO, ICP4, ICP6, tk, gC (191-204), other viral
promoters such as retroviral LTRs (130,147,193,205-212), the SV40 promoter
(213-216) or the human cytomegalovirus immediate early (HCMV IEp) pro-
moter (217-220), RNA polymerase I and III promoters (221,222), or house-
keeping gene promoters (206,208,223-225) known to be active in the nervous
system such as hypoxanthine phosphoribosyltranseferase (HPRT), or neuronal-
specific promoters such as those for nerve-specific enolase (NSE) or neurofila-
ment (NF). Of interest, the loss of transgene expression from these vectors does
not appear to be owing to clearance of the vector genome from the nervous sys-
tem, because we have found that vector genomes persist in brain for at least 1
yr after inoculation in amounts that remain unchanged from 1-8 wk postinocu-
lation (153). This suggests that these promoters are no longer active as the virus
establishes the latent state. However, these promoters have proven useful for
driving high-level transient transgene expression (2,3,152,226-236). Recently,
we have demonstrated that the HCMV IE promoter remains active long-term in
ligament tissue of rabbits and nonhuman primates following injection of the
vector into the knee joint (4).

3.4.1. Exploitation of the HSV Latency Promoter System for Long-Term
Transgene Expression in Sensory Neurons

Several laboratories have attempted to employ LAPs to drive foreign gene ex-
pression from HSV-based vectors. LAP1 alone appears insufficient to provide
long-term transgene expression, as a recombinant in which LAP1 was employed
to drive expression of fB-globin in the native LAT locus expressed P-globin
mRNA at 3 wk postinfection (126), but the intensity of the hybridization signal
and the number of neurons expressing the transgene decreased 20-fold during la-
tency (149). A wild-type virus with the B-glucuronidase cDNA downstream of
LAP1 expressed B-glucuronidase in the trigeminal ganglion (TG) and brainstem,
but the number of transgene expressing cells decreased dramatically over time
(237). In other studies, vectors in which LAP1 alone was used to drive lacZ ex-
pression in either the native LAT (238) or ectopic gC locus (147) expressed B-gal
during acute infection but not during latency. All of these recombinant viruses
lack LAP2 sequences, suggesting that LAP2 may be required for long-term
transgene expression. As proof of this hypothesis, addition of LAP2 sequence to
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LAPI1-containing reporter gene cassettes in the gC locus of an HSV recombinant
restored long-term expression of the transgene product (148). A recombinant
with the lacZ reporter gene in the native LAT locus downstream of LAP2 ex-
pressed B-gal in TG neurons up to 8 wk postinfection (239). To test the ability of
LAP to drive transgene expression from the latent HSV genome, we engineered
a recombinant vector with the lacZ reporter gene inserted downstream of LAP2
in the native LAT locus, interrupting the LAT sequence. This recombinant ex-
pressed B-gal in both mouse TG and dorsal root ganglion (DRG) neurons for up
to 56 d postinfection as detected by X-gal staining and reverse transcription
polymerase chain reaction (RT-PCR) and lacZ mRNA was detectable by RT-
PCR in brain following intracranial inoculation up to 28 d postinfection. Addi-
tionally, we examined the ability of LAP2 to function as a movable genetic ele-
ment by introducing a LAP2-lacZ cassette into the gC locus of the virus (128).
LAP2 driven lacZ expression from this recombinant was detected in brain by
RT-PCR and in TG by X-gal staining and RT-PCR at least 5 mo postinfection
(128). These results indicate that the LAP2 sequence, even in an ectopic site in
the viral genome, was capable of driving transgene expression during latency.
Our studies of LAP2 suggest that it is active and capable of driving transgene ex-
pression in the native or ectopic locus in both brain and in the PNS. We have now
employed the LAP2 promoter to drive long-term expression of nerve growth fac-
tor (NGF) in primary neurons in culture and in vivo in rodents following inocu-
lation of the vector at a peripheral site (2,3). We have recently shown that LAP2
can be active long-term in tissues other than the nervous system. We detected
NGEF expression in the ligaments of rabbits over 1 yr and in nonhuman primates
several months following injection of the LAP2-NGF expression vector into the
knee joint (4). This finding opens up the possibility of using the LAP promoter
system to obtain long-term transgene expression in cells other than neurons. Re-
cently it has been reported that the inclusion of an internal ribosome entry site
preceding the transgene enhanced long-term transgene expression in the native
LAT locus (240), presumably by overcoming interference with translation re-
sulting from the numerous upstream start sites between LAP1 and the LAT in-
tron and within the LAT intron itself. This is not a problem with the use of LAP2
to drive transgene expression because the transgene is not preceded by a transla-
tion start site or sequences capable of forming complex secondary structures.
Moreover, LAP2 placed upstream of other promoters suggests that LAP2 can
maintain their activity during latency although the transcriptional start sites were
not reported for these chimeric promoter constructs (241).

3.4.2. Development of Transactivation Systems to Increase and Regulate
Foreign Gene Expression

It is possible that the level of transgene expression produced by a promoter
construct might prove to be insufficient to have the desired biological effect, or
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in some instances it may be necessary to regulate the timing of therapeutic gene
expression. Therefore, we have pursued the development of constitutive (Gal4-
VP16) (Fig. 6A) and regulatable (RU486) (Fig. 6B) transcriptional regulatory
elements inserted into HS V-based vectors in an effort to control the duration and
level of transgene expression. Gal4/VP16 is a potent transcriptional activator
consisting of the DNA binding domain of the yeast transcriptional activator
(TA) Gal4 and the strong acidic activating domain of the HSV transactivator
VP16 (242). This fusion protein strongly activates promoters to which it is tar-
geted by the placement of the 17 bp Gal4 binding (242-244). Gal4-VP16 ap-
pears to function by perturbing the eukaryotic nucleosomal structure of chro-
matin-bound promoters containing Gal4 sites, thus releasing these promoters
from nucleosome repression during transcription activation (245,246). A re-
combinant virus was created containing the Gal4-VP16 gene under the control
of the HCMV IE promoter in the tk locus (233). The vector produced high lev-
els of Gal4-VP16 mRNA and protein in culture and in vivo following stereo-
tactic injection into brain. Infection of a stably transformed cell line with the
CAT gene under the control of a Gal4 sensitive promoter (consisting of 5 GAL4
binding sites upstream of the adenovirus E1b TATA box) resulted in a 35-fold
increase in the expression of CAT. We then constructed a double recombinant
virus containing the Gal4-VP16 construct under the control of the HCMV IE
promoter in the gC locus and the lacZ gene under the control of the minimal
Gal4 TATA promoter in the tk locus of an ICP4-deleted virus. The double re-
combinant (Fig. 6A) produced B-gal in vitro and following intracranial inocu-
lation in vivo, in contrast to the reporter virus containing only the Gal4 TATA
promoter driving lacZ (233). These experiments demonstrated the ability of the
Gal4-VP16 transactivator to stimulate a promoter containing a Gal4 binding site
in the context of the viral genome, although this system lacks the ability to reg-
ulate the duration of transgene expression.

We further modified the transactivation system to allow for regulation of
transgene expression through the use of an inducible promoter construct. A
truncated form of the hormone-binding domain (HBD) of the progesterone re-
ceptor, which fails to bind progesterone but is activated by binding of the steroid
analogue RU486 was used to form a fusion HBD-Gal4-VP16 transactivator, ex-
pressed under the transcriptional control of the HCMV IE promoter (234). With
this system, the addition or removal of the drug (RU486) constitutes the on/off
regulatory switch that controls the duration of transgene expression. A viral re-
combinant was constructed containing the transactivator in the gC locus of an
ICP4-deleted replication incompetent vector and a reporter cassette consisting
of 5 Gal4 binding sites upstream of the adenoviral E1b TATA box driving lacZ
in the tk locus (Fig. 6B). In vitro, B-gal expression was induced 30-fold by treat-
ment of the cultures with RU486 (107 M). In vivo, following injection of the
vector into hippocampus of rodents, treatment with RU486 induced expression
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Fig. 6. HSV-1 recombinant vectors containing the constitutive and inducible Gal4-
VP16 transactivating function. (A) A replication-defective recombinant HSV-1 vector
was constructed to contain a minimal promoter with five tandem Gal4 binding sites driv-
ing a transgene and a cassette that expresses the Gal4-VP16 constitutive transactivator
(TAongt) from the strong HCMYV IE gene promoter. The Gal4-VP16 TA yygr Was able
to boost the level transgene expression from the Gal4 sensitive promoter both in vitro
and in vivo. (B) A replication-defective recombinant HSV-1 vector was constructed to
contain a minimal promoter with five tandem Gal4 binding sites driving a transgene and
a cassette that expresses the Gal4-VP16-HBD inducible transactivator (TAyp,) from the
strong HCMV IE gene promoter. Addition of the progesterone receptor hormone-bind-
ing domain (HBD) to the constitutive TA creates a molecule that is only transcription-
ally active when the drug RU486 is added, as illustrated at the bottom of the figure. The
amount of RU486 added and the timing of drug addition controls the level and duration
of transgene expression.
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of B-gal (234). Thus both constitutive (Fig. 6A) and inducible (Fig. 6B) tran-
scriptional enhancers function within the context of the HSV genome to regu-
late transgene expression in the nervous system.

3.5. HSV-1 Vector Targeting

Various attempts to alter the host range of different viruses have been re-
ported. One approach is to construct pseudotype or hybrid vectors by combining
elements from different viruses. Examples of this approach include the produc-
tion of a retroviral (MoMLV) or a lentiviral (HIV-1) nucleocapsid possessing the
vesicular stomatitis virus glycoprotein (VSV-G) within the envelope (247,248).
The HIV-based vector with VSV tropism demonstrated efficient transfer, inte-
gration, and sustained expression of a transgene in adult rat brains. However, the
pseudotype approach is limited by the availability of cell type-specific viral-
surface proteins. Modification of purified virions by chemical attachment of a
ligand capable of binding to a specific cell type has also been explored. Ligands
were either chemically attached to viral surface proteins (249) or antibodies
against viral surface proteins were biochemically linked to a second antibody
that recognized a cell-surface receptor (250). Targeting of retroviruses to mela-
noma cells by the fusion of a single-chain variable fragment antibody directed
against a melanoma-specific antigen with the amphotrophic murine leukemia
virus envelope separated by a cleavable protease site (251) has been demon-
strated in vitro. A Sindbis virus displaying a protein A:env chimeric protein was
also engineered in a manner that generalizes the applicability of MAb specificity
for targeted infection. The recombinant virus had a strong affinity for the F, re-
gion of various mammalian IgGs and cell-specific targeting was accomplished
according to the specificity of the antibody (252,253). Although this procedure
was highly efficient in vitro, the stability of the protein A-antibody interaction in
the blood stream has not been evaluated. A chimeric MoMLYV virus with both a
wild-type env gene and an env-erythropoietin (EPO) fusion gene displayed in-
fectivity for human cells bearing the EPO receptor (254). Likewise, it has been
shown that a single-chain antibody F,, fragment fused to the MoMLV env gene
product recognized its target epitope and that a corresponding viral vector could
transduce cells that were resistant to infection by the parental MoMLV (255—
257). Although these recombinant vectors demonstrated new tropisms, they
showed low levels of infectivity. Recently, the in vitro tropism of AAV has been
expanded by inclusion of an Arg-Gly-Asp (RGD) motif in the natural AAV viral
capsid protein (251,258) that resulted in the acquisition of the ability to infect
normally refractory cells. Although retroviral targeting has been achieved by the
addition of either Ram-1 (259,260), IGF (261), or EGF (262-264) ligands as ex-
tensions to the native surface (SU) glycoprotein, the efficiency was low because
the virus was internalized into endosomes. This was overcome by the addition of
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protease cleavage sites between the ligand domain and the SU glycoprotein that
can be cleaved by matrix metalloprotease addition, which enables the targeting
by the novel ligand but fusion through the native SU glycoprotein (261,265). Re-
combinant adenovirus (Ad)-encoding chimeric proteins have also been engi-
neered (266). One of the two vectors re-directed virus binding to an integrin
(267), whereas the other redirected binding to heparan sulfate (268) by fusion of
the Ad fiber with RGD or polylysine sequences, respectively. Although binding
to the fiber receptor still occurred, these viruses demonstrated increased trans-
duction in multiple cell types lacking high levels of Ad fiber receptor (266).
Rogers et al. (269) cross-linked a F,; fragment from a neutralizing MAD specific
for adenoviral knob protein to basic fibroblast growth factor (FGF) (269) to
allow infection, albeit inefficient, of cell lines expressing the FGF receptor. This
approach of using a bi-specific protein has enabled re-targeting of the virus to a
variety of cell types (270-273). Recent studies have introduced novel binding
peptides into the region of the adenovirus fiber knob to achieve re-targeting
(274). In a similar manner, Ad was targeted to the tetanus toxin receptors on
motor neurons (MNs) using the H-C fragment of tetanus toxin tethered to the
virus hexon (275). Targeting to primary neurons was demonstrated in cell cul-
tures of spinal cord and to MNs of the mouse brainstem following intramuscular
inoculation. In both cases, infectivity was low although muscle cell transduction
was substantially reduced and demonstrates the potential feasibility of this ap-
proach that may prove feasible for use with HSV vectors.

3.5.1. Targeting HSV-1 Attachment Through gC:EPO

As described earlier, recombinant viruses deleted for gC as well as the polyly-
sine domain of gB (KgBpK—gC~) demonstrated the importance of HS binding
for virus entry (73). We have replaced the HS ligand present in gC with erythro-
poietin (EPO), a molecule that recognizes the EPO receptor (EPO-R) present on
a number of cell types, to create KgBpK~gC:EPO,, that was able to bind to and
enter EPO-R bearing FD-EPO cells (276), however, the virus was rapidly de-
graded in endosomal/lysosomal vesicles. Whether infection will occur when a
gD-specific receptor is also present on these cells is unknown.

3.5.2. Targeting HSV-1 by Substituting gD With the VSV-G Glycoprotein

Glycoprotein D plays an essential role in the attachment/entry process. Of in-
terest was whether an alternative binding/fusion protein, such as the VSV-G
spike glycoprotein, which binds to cell surface receptor and mediates fusion of
the VSV envelope and endosomal membrane following endocytosis of VSV-G
(277-280), could substitute for gD in the HSV entry process. VSV-G has been
employed to pseudotype retroviruses that enter cells via receptor-mediated en-
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docytosis (281-284) and measles virus (285) that normally bind to and enter
cells at the cell-surface membrane similar to HSV. Viruses deleted for Us3 to
Us8 (KAUs3-8) are deficient in virus entry due to the deletion of gD. Using
transient complementation assays, the expression of VSV-G from a plasmid was
able to complement the gD deletion mutant (KAUs3-8), which could be neu-
tralized using VSV-G specific antibodies (58). Moreover, we observed large
amounts of VSV-G incorporation into purified virus envelopes following tran-
sient complementation, which proved to be more efficient than with any VSV-
G:gD or VSV-G:gB recombinant glycoprotein composed of shuffled cytoplas-
mic, transmembrane, and external domains. These experiments demonstrated
that (1) a foreign glycoprotein could be incorporated into the virus envelope if
expressed during virus replication, and (2) that VSV-G can mediate virus in-
fection in the absence of gD. We are currently addressing whether VSV-G can
substitute for HSV-1 gD in the entry process in the background of a virus
deleted for the Us3-8 genes, which includes deletion of gD (Us6).

3.5.3. Targeting of HSV-1 Using Soluble Bridging Proteins

In this approach, a region of HveC/nectin-1 capable of binding gD are fused
to polypeptides to create bi-specific molecules capable of binding simultane-
ously to gD and novel cell receptors while blocking gD binding to cell-associ-
ated HveC/nectin-1. These bridging molecules are designed to mediate indirect
virus interaction with novel receptors triggering fusion of the viral envelope
with cell membranes. We have engineered the C-terminal 153 amino acids of
HveC/nectin-1 containing the V-loop fused to ligands that bind to cell-specific
receptors. We are currently testing binding/entry on CHO-derived cell lines ex-
pressing the respective cell-specific receptors using virus pre-mixed with these
novel adapter molecules. We are hopeful that this soluble adapter system will
prove useful for HSV vector re-targeting.

4. Summary

Over the past several years, we have expended substantial efforts directed at
understanding the biology of HSV in order to exploit the natural features of
HSV latency to create a vector for the delivery of therapeutic transgenes to the
nervous system and other tissues. We now have in hand a number of vectors that
demonstrate very low cytotoxicity for neurons and other cells in culture and pro-
longed expression of a reporter transgene. We have demonstrated the ability of
these vectors to express transgenes (i.e., NGF) in peripheral sensory ganglia and
have the means to switch the transgene on and off in vivo. We have also dra-
matically expanded the virus payload and have begun to address the issue of tar-
geting the virus to specific cells. We now propose to use these highly debilitated
HSYV vectors in animal models, testing the delivery of therapeutic gene products



280 Goins et al.

by the vector. The following chapters deal with HSV vector-mediated trans-
duction of neurons and other cell types with the ultimate goal of treating human
disease.
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